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PREFACE 


Welcome to UDAAN- a program to give wings to the girl students! 


The UDAAN programme has been initiated with the primary objective of increasing the 
enrollment of girl students in leading engineering institutions. The program is designed to 
provide a platform to deserving girls who aspire to pursue higher education in engineering and 
assist them in preparing for the entrance examinations. 


The study material covers the syllabus of the Joint Entrance Examinations. It has been designed 
to ensure that it is easy to understand. The progression of the content moves from simpler to 
complex concepts as the Unit/Chapter proceeds. Each topic and subtopic is followed by some 
practice questions for you to attempt. Answers to these questions are given at the end. In case 
you have difficulty in solving any of them, please email us at udaanhelpdesk2017@gmail.com 
or contact at 011-23231070. 


Best of luck and happy learning! 


Chairperson, CBSE 
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UNIT-11 : ELECTROSTATICS 


Learning Objectives 


After going through this, unit you will be able to understand, appreciate and apply the following concept: 


Identify different type of charges. 

Determine the electric force between two point charges using Coulomb’s Law. 

Apply Coulambl’s law to a system of point charges to determine the net force on a charge. 
Calculate the electric field due to a point charge or system of point charges. 

Determine the electric flux through a surface. 

Use Guass law to find electric field of various charge distribution. 

Determine the torque experienced by an electric dipole in a uniform electric field. 

Distinguish between electric potential and electric potential energy. 

Calculate the electric potential of a configuration of point charges. 

Determine how electric field strength is related to electric potential and electrostatic potential energy. 


Calculate the capacitance ofa given electric network, energy stored in a parallel plate capacitor with 
and without dielectric. 


UDOON 


A program to give wings to girl students 


Electrostatics 


The defining property of stationary or slow moving charges. 
1 leads to 
Force of attraction or repulsion due to interaction of similar or opposite charges. 


Electrostatic Force 


| Is described by 


Concept Map of Electrostatics 
J 


Coulomb's have- p242 __| 41% in air or vacuum. 
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Electrostatics 


Electrostatics is the branch of physics that deals with the phenomena and properties associated with 
charges at rest. 


Electric Charge 


Electric charge is an intrinsic characterstics of the fundamental particles of matter giving rise to all electric 
and magnetic forces and interactions. 


From simple experiments on frictional electricity, it has been known that some materials, such as amber or 
ebonite, on being rubbed with, wool get ‘electrically charged’. Similarly, when a glass rod is rubbed with 
silk cloth, the glass rod gets ‘ electrically charged’. However, the charges of these two rods are of different 
types. One can infer that there are two types, of charges in nature: ‘glass rod type’ and ‘ebonite rod type’. 
The first type has been called as ‘positive charge’ while the second type has been called the ‘negative 
charge’. The changes were named as ‘positive’ and ‘negative’ by the American scientist, Benjamin Fraklin, 
in 1750.When the ‘positive’ and ‘negative’ charges on an object, are not in equal amounts, there is a net 
charge on the object, that can interact with other objects. We regard such an object as an ‘electrified’ or ‘ 
‘charged’ object. When an object has no net charge, it is said to be electrically neutral. 


It has been observed that: “Like charges repel each other and unlike charges attract each other.” 
Basic Properties of Electric Charge 


1. Charge is quantised : Electric charge can have only discrete values. The smallest discrete value 
that can exist in nature is the charge on the electron, ‘e’. Charge on any body always exists in integral 
multiples of this fundamental ‘unit’ of electric charge. 


q=ztne where n=, +2..... 


2. Charge is conserved : For an isolated system, its total charge remains constant. “charge is neither 
created nor distroyed”, it can only be tansferred from one object to the other. 


3. Charge is additive : Ifa system contains ‘n’ charges; q,, q,, q,-.-. q,; the total charge of the sytsem 
i: 
Goce =(4i +42 +4 +--+ An ) 
Charges thus add up like ‘real numbers’, they are scalars like mass. 


4. Charge is invariant : The numerical value of the charge on an isolated object is independent ofits 
state ofrest or motion. 


The S.I. Unit of charge is the ‘Coulomb’. It is defined in terms of ‘electric current’. ‘One Coulomb’ equals 
the charge, transferred in one second, across the cross section ofa wire carrying a current of one ampere. 
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Coulomb’s Law 


We have noted that two like charges repel each other while two unlike charges attract each other. This 
force of interaction, between two charges is known as ‘electric force’ or ‘coulomb force’. On the basis of 
experiments, coulomb gave a law for finding the magnitude of the force acting between two point charges. 


According to Coulomb’s law; two stationary point charges, q, and q,, repel, attract, each other with a 
force (‘F’) which is directly proportional to the product (q,q,) ofthe two of charges and inversely propotional 
to the square of the distance (‘r’) between them 


: Fa( a2) 
r 


qd : TE. . 
or F= Ko where K is a proportionality constant; its value depends upon the nature of the 
medium separating the two charges. When the charges are placed in vacuum (or air) we take this 


1 qq 
Ane, r’ 





proportionality constant as Ane Thus F = 
TEg 


The constant £, is called permittivity of free space or vacuum. In SI Units, its value is 





r|- : ]-9-a0" Ne iC. 
Ane, 


z. £ =8.85x10 7C’ Nm? 


For mediums other than vacuum (or air) the force between the charges is given by: 


F= 1 qq 


4ne r 


m 


Here ¢,, is called the permittivity ofthe medium concerned. For materials other than vaccum (or air), we 


can put 
é,, =ke, 


Here k is a dimensionless constant. It is called as the ‘dielectric constant’ or ‘relative permittivity’, of the 
medium. 


The above expression can, therefore, be written as 


rel 1 192 
k\ 4me, ) r 
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Important Points Regarding Coulomb’s Law 


1. The Coulomb force, acts along the straight line, connecting the ponits of location of the two ‘point’ 
charges. 


2. The law can be used to define the SI unit of charge the ‘Coulomb’. 
3. For a point charge, the coulomb force due to it is ‘central’ and has a spherical symmetry. 


5. For materials media the value of ‘k’ is greater than 1. Thus, if two charges kept a given distance 
apart, have a medium other than vacuum (or air), between them the force, between them, decreases 
by a factor k. 


Coulomb’s Law in Vector Form 


>^ 
Tiz 





de r—— Žž ,t 
A 
Ta 
It q, and q, be two point charges separated by a distance r in vacuum, the force on q, due to q, (E) is 


given by: 


F = 1 qq, 


= Tı2 
21 

dns, 1 
Where fı is a unit vector, pointing from q, toq,. 


The force, on q, due to q,, is given by 


1 A 
F, = — a T21 


2 
4ne, r 


Here f, is a unit vector along the direction of the line directed from q,to q, 


To and fo: are clearly unit vectors in opposite directions. We can therefore, write 
F,, = -F 
In general, one can write: 


1 A 
F- 442 i 
4ne, r 
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_ 1 qq n 
3 
4ne, r 








= P a (xi ty j4 zk) 


Here $ is the unit vector that would have ‘its origin’ at the source of the force. A positive magnitude of H ; 
implies repulsion while a negative value of F , implies attraction between the two charges. 


How to Solve Problems using Coulomb’s Law 


1. Find the magnitude of force, using Coulomb’s law, ignoring the signs of charges. Signs only indicate 
the direction of force. 


2. Decide whether the force, due to a given charge, is attractive or repulsive, express it by drawing 
vectors. 


Principle of Superposition of Charges 


When more than two charges are 
present in space, Coulomb’s law 
holds for every pair of charges. 
Thus, the net force on any charge is 
the ‘vector’ sum of the forces 
exerted on it by all other charges, 
taking one charge at a time. 


This is known as the principle of 
super position for charges. 


Thus ifthere are (n+1) point charges, 
the force, one of them, say q, due 
to all other charges is given by. 








q (< 0) q: 0) 


F, =F,,+Fi,+....+F, 


Here the ‘individual forces’ are unaffected due to the presence of other charges. 





1 7 di 
or > -f a ES 


A4né, 


Here y; is the unit vector along the direction joining the charge q, to the charge q,. 
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Example-1: 


A given charge Q is to be shared between two (fixed) objects kept at given distance apart. Find the values 
of the charges, on the two objects, so that the force between them has its maximum values. 


Solution: 


Let charge on one object be ‘q’; The charge on other, will then be Q—q 


pe aS 


Ane, r 
For F to be maximum, we need to have 
dF 
dq 


Al 1 (Q) 1 D- 


0 











C dq|4me, 1°  4ne, r 
Q 1 2q 
2 z =0 
Aner” 4TnE, r 
ae: 
i 2 


Thus, the charge should equally divided between the two objects. 
Example-2: 


Two ‘free’ point charges, (+4e) and (+e), are placed a distance ‘a’ apart. Where should a third charge, 
(say q), be placed, between them, such that the entire system may be in equilibrium? What should be, the 
magnitude and sign of q? State the ‘type of equilibrium’ of the system. 


Solution: 


Let charges be placed as shown in the figure. 
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The charge +e exerts a repulsive force on charge +4e. Hence for the equilibrium of charge +4e the third 
charge ‘q’ must exert an attractive force F’ on +4e. This requires cahrge ‘q’ to be a negative charge. For 
equilibrium of charge (+4e). 


F=F 
=F =|-F} 


1 (4exe) 1 (4eq) 





dng, a Ane, xX 


|F|=|£; 


1 /4eq 1 eq 
eal 2G 
Ame, \ x 4m€, (a—x) 





2a 
This charge has to be kept at a distance (2) from the charge (+4e). 


It is easy to see that the equilibrium of the system is an unstable equilibrium. 
Example-3: 


Two identical spheres, having unequal opposite charges, are placed at a distance 0.9 m apart from each 
other. After touching them mutually, they are again put at the same distance apart. They are now observed 
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to repel each other with a force of 0.025N. Calculate the final charge on each of the two spheres. 
Solution: 


Since the spheres are identical after touching them they will acquire similar and equal charges. Suppose the 
charge on each is ‘q’ then by Coulomb’s law; 


1 2 
F=— 1 
4ne, r 


2 
+. 0.025=9x10°x—4 
(0.9) 





2 


q? =2.25x10 "°C? 
or q = ¥2.25x10°C? 
or q=41.5x10°C=41.5uC 


Concept of Electric Field 


Let us consider an electric change q located in space. It we now bring another change ( Ado ) , hear this 
charge q, the charge (Aq, ) expriences a force of attraction or repulsion. The space, around an electric 


charge, q, in which another charge, (Aq, ) experiences its (electrostatic) force of interaction, may be 
thought ofas the electric field of charge q. The charge ‘q’ is known as the ‘source’ charge and charge 
( Ado ) , used to ‘detect’ the electric field (of charge q) is known as the ‘test’ charge. 

To measure the strength or intensity ofan electric field of any point, we may place a small positive charge 
(Aq) at that point and measure the electrostatic force (due to the source charge q’) experienced by this 


charge Aq,. This force, per unit charge, is taken as a measure of the strength of the electric field, at that 
point. 


That, if (AF ) be the fore acting, ona test charge (Aq, ) , placed at a given point in an elctric field, the 


electric field intensity, or strength, F, of the field at that point in given by. 


E= lim Ay 
(Aqo-0) Ado 
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The test charge must be negligibly small so that the source charge, q, is not disturbed from its position and 


its electric field at a given point, remains unchanged. The SI unit of Ẹ is, therefore, 


Cc i 


The electric field, due to a single point charge, kept in vacuum (or air) is given by 





Important Points Regarding the Electric Field 


1. 


4. 


Once the field strenght (E) is known, the force, on any charge ‘q’, can be obtained from 
F=qE 


a [F] =q|E] or F=qE 
A positive charge would experience a force in the direction of the electric field while a negative 
charge would do so ina direction opposite to that of field. 


Electric field, due to a system of charges, at a point, is the vector sum of the electric fields at that 
point due to the individual charges. 


E a =E +E,+..E, 


Electric field, due to a point charge, points away from the charge if it is a positive charge and towards 
it ifit is negative charge. 


Electric field, ofa point charge, has a spherical summetry. 


Example—4: 


The figure shows system of two equal (in magnitude) point y 

charges. Charge + q is at (0, 1) and charge —q is at (1, 0). p (4, 4) 
Find the resultant field intensity at a point P having co- 

ordinates (4, 4). +q (0, 1) 


Solution: 


We have, 





9,0  * 
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a q(4i+3i) | 
| Ane, (5) units 





ged -q(4i+33) 








2 ~ Ane, (5) — units 
1 (q) a a 
E=E,+E,= i 
1 2 4n6, ara i) units 


Continuous Charge Distributions 


A system of closely spaced charges may be thought ofas forming a continuous charge distribution. There 
are three kinds of continuous charge distributions- linear charge distribution, surface charge distribution 
and volume charge distribution. The electric field due to a continuous charge distribution, can be obtained 
in the same way as for a system of discrete charges using Coulomb’s law and the principle of super 
position. We first find the electric field due to small element ‘dq’ and then intergrate the expression over the 
whole continuous charge distribution. 


Example—5: 
Axial electric field due to a circular loop of charge : (charged ring) 
dl 





dE sin 





Let us consider a uniformly charged ring of radius ‘a’ having a linear charge density '),'. The total charge 
‘q’, on the ring, then equals 27a A. 


q 


Consider a small (line) element ‘ dé’. It carries a charge dq = Zra dé, 
1 dq 
The magnitude of, ff, at an axial pont P, due todq, is dE = deh. 
0 
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Now consider another element d/ ; diagonally opposite to d/ ; we can see that vertical components of 


dE counter balance each other in pairs. Hence the net electric field, is only due to the horizontal components 


of (dE)'s. 
. E= (i) f dE cose 


1 qxî 


ANE) Ina (a? + x’) 


E= 





4, 





x 
Now, cos0==— and r= 
r 


pel. & l 


4né, (a? +x y 
This § is directed along the axial line OP. 
If‘P’ lies at centre [E =0 


IfP is a far offaxial point, i.e. ifx>> a, 


1 q 
F 


[E| = Ane, x 
0 





Thus, for points on the axis, at distances much larger than the radius of the ring, the ring bahaves like a point 
charge. 


Some Important Results for E: 


e Super position of electric field - electric field at a point due to a system of charges is the vector sum 
of the electric fields at that point due to individual charges. 


E=E,+E,+....+E, 


e The electric field due to continuous charge distribution can be obtained in much the same way as for 
a system of discrete charges using Coulomb’s law and the super position principle. First we find the 
electric field due to small element dq and then integrate the expression for whole body. 
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Electric field due to various (discrete / continous) charge distribution 

We write below some important results for the electric field due to some charge configurations. 

(i) Electric field strength due to a point charge at any point ‘p’. 


E 


ig ee 
Q P 

-l a4 

ATE r 





(ii) Electric field strength due to a finite line charge with charge density ')' at a general ‘P’. 











E= EN Z (sin a+sinB) 


where À = : , Total charge on line = q, length = L 


(ii) Electric field strength due to a infinite charge with charge density '),' at any general point ‘P’. 





l 
pec } 
4né, r | 
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(iv) Electric field strength due to a circular ring ofradius ‘R? with uniform distribution of charge ‘q’ at any 
general point ‘P’ on the axis of the ring. 











Behaves like point charge. 


(v) Electric field strength due to a uniformly surface charged, disc ofradius ‘R’ any general point ‘P’ on 
its axis. 





1 0 


E= 5 
Ane, x 





Disc behaves like point charge. 


Ifx>>R 


pe 
2€, 


Disc behaves like then plane sheet. 
Example-—6: 


A ring ofradius R with uniformly distributed charge q is 
placed in the y-z plane with its centre at the origin. Plot the 
variation of E along the axis of the ring and obtain the 
maximum value of E and identify the position of the 
corresponding point. 
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Solution: 


We have, 


1 qx 





A Ane, (R? +x a 


For maximum field intensity Pe 0, 
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F R 
Putting x = — 
( 3 a 








SxS 2 
2 
_ q 
max 637E, R? 
The plot is an shown. 
Example-7: 


A pair of charges, +q and —q, are placed at x =—a and x = +a respectively. Plot the veriation of E along the 


x-axis. 


Y 
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Solution: 


The variation is as shown. 





Electric Field Lines 


An electric field line is a curve drawn in three dimensions in such a way that the tangent at each ponit on the 
curve gives the direction of electric field at that point. 


The idea of electric lines of force, or the electric field lines, introduced by Micheal Faraday, is a way to 
visualize electrislatic field geometrically. 


The properties of electric field Inies are: 


(i) Electric field lines are continuous curves in an electric field; starting from a positive charge and ending 
on anegative charge. 





Electric field lines due to a Electric field lines due to a 
positive charge. negative charge. 
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(ii) 
(ii) 
(iv) 


(v) 
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Two electric field lines never intersect. 
Electric field lines do not pass through, they leave, or end, on a charged conductor normally. 


The relative closeness of field lines indicates the relative strength of electric field at different points; 
crowded lines represent strong field regions while distant field lines correspond to a weak field. 
Further, if the field lines are uniformly spaced parallel straight lines, the field is uniform. 


It is not necessary that a small test charge released at a point in an electric field will move along the 
field line passing through that ponit. The field lines give the direction of acceleration they do not 
essentialy give the direction of motion of charge. 


tq tq 


Ze 


Electric field lines due to two equal like charges. 


a) ig) 


be 


Electric field lines due to two equal 
and opposite charges. 


a 


ae — 


S 


Electric field lines due to a fixed charge +q 
placed near an infinite metal sheet 
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A solid metal sphere placed in 
uniform electric field 





+ = 
+ = 


A metallic slab placed between two oppositely 
charged metal parallel plates. 


> 
— 


— h 





> 


Field lines of a uniform electric field. 
(Both magnitude and direction constant) 





— 
— 
—— 


Ficld lincs of a non-uniform clectric ficld 
(constant in direction, but varries in magnitude ) 
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Electric Dipole 


An electric dipole is a pair of equal and opposite charges [(+q) and (—q)], seperated by a (small) distance 
‘2a’. Any molecule in which the centre of the positive charges does not coincide with the centre of negative 
charges, may be approximated as an electric dipole. 


The basic characterstics ofa dipole is its electric dipole moment (p) . It is defined as the product of the 


magnitude of either charge and the separation between the charges and is given by 


u a: 


2a P 





Dipole moment is thus a vector quantity; its direction is the direction ofthe dipole axis, from (~q) to (+q). 
Its SI Unit in Cm. 
Electric field Intensity due to an Electric Dipole 


(i) Axial position : The field, on the axis, at a distance ‘r’ from the centre: 


enm o eall’ 


-q (0) Car E, A En 
1r 
2a 


The electric field on axial position ‘A’ can be calculated by vector addition of electric field due to +q 
and —q at point ‘A’ 


E 


axial 


=E,,+E, 


o 1l 2pr 


ATE, (r° -a’) 
For an ideal electric dipole r >> 2a 


1 2p 


= 3 
Ane, T 


Thus, Electric field is along the direction of p , for all axial points. 
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(ii) | Equitorial position : The field on the equitorial plane (i.e. plane perperndicular to the axis and 
passing through its centre) at a distance ‘r’ from centre is: 






2E „Cos 0 





2a 


As seen in the diagram above, electric field on equitorial position is only due to the horizontal 
components of electric fields due to (+q) and (~q). 


<. E,, =2E,,cos0 


1 -P 


3, 


a~ Ane, (r +a) 


For an ideal dipole : r >> 2a 


-E = 1 p 


eq e age 


3 
Ane, r 


Thus, electric field is in the direction opposite to p for points on the equitorial plane. 
For the same value ofthe distance ‘r’. 


E 2E (For a small dipole) 


axial — eq 
(ii) Field at any general ponit ‘r’. 
Let '9' be the angle between p and r. We cannow resolve P into two components; p,, and p,, 


i.e. parallel to f and perpendicular to r; point ‘r’ then lies on the axial line of p,, and lies on the 


equitorial line of p,. 
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T 
r ai 7 Ea 
a E; 
LP 
FL A 
cot 
T A 








Hence, E,,, = (Ej, +E} where 














1 2pcos@ 

nS Te T (-- p,, =pcos0) 
1 pcosé 
E =— oe = i 

and ©. ane, r (~ p, =psin6) 

1 
"E= P i1 +3cos0 

4ne, T 


afl 
This (general) electric field, at any point ‘r’, makes an angle a w.r.t. E,,; where & = tan i E tan o) 


Example-8: 


The electric field, due to a short dipole, at a distance r, on the axial line, from its mid point is the same as the 
. . . . . . . . . . r 

electric field at a distance r' onthe equitorial line from its mid point. Determine the ratio Th 

Solution: 

We are given that 


=E 


axial(r) eq(r') 
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1 2p 1 p 
Ane, r? F ATE, (r')’ 





2_ 1 


3 3 


GH 


Electric dipole placed in a uniform external field 


F_=qt 


F =qE 





When a dipole is placed in uniform external field, the net translation motion is zero as: 


F, =-F 


+q q 


However, the forces F,, and F_, forma couple. Their turning effect, or torque, is given by 
t=(qE)(2asin@) 


= pEsin0 
where q2a =p (electric dipole moment) 
The direction of Tis given by 
T=pxE 
Hence, due to this torque, the dipole tries to allign itself parallel to the direction of electric field. This is its 


position ofstable equilibrium. 


22 


UDAON 


A program to give wings to girl students 


Special Case : When the dipole is placed in a non-uniform external electric field, the charges of dipole 
experience unequal forces; therefore, net force on the dipole is not zero. Now dipole has both translation 
as wellas rotational motion. 


Example-9: 


Ina certain region of space, electric field is along the +z direction throughout. The magnitude of electric 
field is, however, not cnostant but increases uniformly along the +z direction; at the rate of (10° N/C), per 
metre. Find the forces and torque, expreirenced bya system having a total dipole moment equal to 107” cm 
along the negative direction. 


The dipole moment, for a segment of length dz, is 
dp = qdz 


The net force, on this elemental dipole, is 


dE 
dF =q—d 
r z dz 


<. The total force is 


SE dz 
dz 


F= fa 
=10” Í qdz 
=10"” (p)=10* x10 ’N-10°N 

This force is directed along the direction of the dipole moment, i.e., the (—ve) direction of z-axis. 
n F=107(-k)N 

Work done in Rotation of a Dipole 


Suppose the dipole is initially kept in a uniform electric field at an angle 0, ; Now to turn it to a position at 
Or 
an anode 0, , work done by the field is W = Í, tdo, 


This work done is stored in the form of electrostatic potential energy. Thus, potential energy ofa dipole in 
uniform electric field will be 


w=f d0 
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For conservative forces, W = -AU 


<. AU =pEcos 0, -pE cos 0; 


T 
We take 0,= > as the reference position. If 0, = 0 , we then have 











U =-pEcos0 
] 
] 
U=-p.E ! i 
] 
c l l 
» At 0=0°, U=-pE=U,,, p | I 
IT T 
and t=0 E l 2 
The dipole is in stable equilibrium. >P i 
1 ĝ—— 
0 1 
At 0=180 ,U = U max =+pE E 
and t=0 


Here dipole is in unstable equilibrium. 
Special Case: 


Ifa dipole is given a small angular displacement ‘ 9’ about its quilibrium (stable equilibrium) position, the 
dipole will execute angular S.H.M. with time period. 


T=2n L 
PE 


Where Iis the moment of inertia of the dipole about an axis passing through its centre. This is because the 
torque will act like a restoring torque: 





1d’0 


Electric Flux 


The electric flux Ad, ofan electric field Ẹ, through a small area element As, is given by 
Ab=E.As 


The vector area element As is giveny by 
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As=Asn 
As is the magnitude of the area element and 7, is the (outward) normal to the area element. 


For an area element ofa closed surface, 4 is taken to be the direction of outward normal. For a closed 


surface, outward flux is taken as positive while inward flux is taken as negative. 


A AS 


ZNK“ 
Z Nk 
Sas / 
KZ 


V 


The total flux, ‘ ’, therefore linking with surface ‘s’ is 
b= JE .ds 
The SI unit of electric flux, is Vm or NC'm. 


Gauss Law 


1 


The electric flux, through any closed surface ‘s’, is = times the total charge enclosed by ‘s’. 
0 


q 
= Eds EA [For a given ‘enclosed’ charge] 
0 


The integral fE .ds , known as surface intergral of electric field over a closed surface, is independent of 
the shape and size of the surface and position of the charge inside it. 


e —__ The termq on the right side of Gauss’s law includes the sum of the charges enclosed by the surface. 
The charges my be located anywhere inside the surface. 


e The surface that we choose for application of Gauss’s law is called as the Gaussian surface. 


° On the left side of gauss law, for calculation of ff, all the charges contribute whether they lie inside or 
outside the Gaussian surface. 


° Gauss law is based on the inverse square dependence on distance contained in the Coulomb’s law. 
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Any violation of Gauss’s law willindicate departure from the inverse square law. 


e Gauss law is expecially useful in determining electric field E, when the source distribution has a 
simple symmetry : like the spherical or planar or cylindrical charge distribution. 


(a) Thin infinitely long straight wire of uniform linear charge density '),'. 








E= 
2n€ or 


where ‘r’ is the perpendicular distance of the poinnt from the wire and 7, is the radial unit vector in 
the plane normal to the wire passing through the point. 


E 


(b) Infinite thin non-conducting plane sheet, of uniform surface charge density 'g'. (Non-conducting 
uniformaly charged plane sheet). 
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(c) 


(d) 


where ñ is a unit vector normal to the plane, outward on either 


o^ E 


side. For conducting sheet E = ar : 
0 


Thin shperical shell of uniform surface charge density '¢'. 


1 q^ _ oR°^ 
E= = = zr(r 
4nE r Eor 











=0(r<R) 
where r is the distance ofthe point from the centre ofthe shell and R the 
radius ofthe shell. 


The electric field inside the shell is zero and outside it behaves as that of 
a point charge. 


Long (Non-conducting) uniformly charged rod/cylinder having uniform 
volume charged density 'p'. 


2: 
n- (sR) 
2x€y 
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px 
=> (x<R 
2E ( > ) 


Where x is the distance of point from the axis ofrod / cylinder. 





(e) Solid (Non-conducting) sphere of total charge ‘q’ having 
volume charge density ‘f’. 








m d 
pa! 4i- PR t(r2R) 
Ang, r Beor 





P R ee) R rR PR 
4re R 3&, 





For a solid conductor E = 0 (r < R) (conducting solid sphere) inside. 
Hence, A conducting solid sphere acts like a spherical shell. 


(f) Long uniformaly charged conducting cylinder / rod. | 


I 
ue ese) 


E 
Ex | 








=0(x<R) 





For a conductor, electric field strength at interior points is zero. 


m 





x<R x=R XR 
X ————————_> 
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(g) | Two infinite thin plates having uniform surface charge density held parallel to each other. 


o, P o, Q 0 >00 
A B ñ c 
1 <<>> >_> > 
n En Eo Eo Er Er Eo n 























o +0, |^ 
E, =-| + In 
2€, 


6, +0, )* 
E. =-| =—— |n 
28y 





oto, |^ 
E, =-| =— |n 
2, 


Special Case : For two plane sheets with equal and opposite charge densities. 
(o 
E= Pg directed from ‘positive’ plate to negative plate, between the plane sheets. 
0 
E =0 outside the plane sheets. 


Example-10: 


A point charge q is placed at a distance ¢ from a disc ofradius R. Find the electric flux through the surface 
ofdisc due to this point charge. 
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Solution: 

Consider an elemental ring on the disc surface; of radius x and width dx as shown in the figure. 
Area of this strip = 2 mxdx 

Electric field ‘E’, due to q, at this ring is 


al, 4 
ie Ane, (x? +0?) 


If dọ is the flux passing through this ring, we have, 





do = Eds cos 0 
o 1l q l 
E 4ne, (x? + pyre (x? +4) 
s xqldx 
22, (07 +x u 


Total flux through the disc surface, 





R R 
- fdo- ql xdx l 
: J ‘ 28 0(@+x°)" 


j= ql |1 1 
2e,L¢ +R? 


Example-11: 





Consider a ring of radius ‘r’ on which a charge q has been uniformly distributed. Ifa shepre of radius r is 
centred on the circumference of the ring. Find the electric flux passing through the surface of the spere. 
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Solution: 


It is clear from the geometry of the figure that Q — 60°. So one third part of the ring lies inside the sphere 


hence, enclosed charge is 4 only. 
3 


Using Gauss law, electric flux passing through the surface of sphere. 


1 
g--4 
3 £ 
Example-12: 


A spherical conducting shell of inner radius r, and outer radius r, has a charge 
‘Q’. Acharge ofq is placed at the centre of the shell. 


(a) What is the surface charge density on the (i) inner surface (ii) outer 





surface of the shell? 

(b) Write the expression for the electric field at a point x > r, from the 
centre of the shell. 

Solution: 


(a) @ Surface charge density on the inner surface ofthe shell. 


oom. 


2 


©; 
Arr, 
(ii) Surface charge density on the outer surface of the shell. 


©, = Qta 
4rr, 





(b) Using Gauss’s law 











E4nx’ = gta 
Eo 

p- eri 
ATE x 
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The Conservation Nature of the Electrostatic Field 


It is an important property ofelectrostatic fields that the line integral of electric field, 
B 
fE 
A 


depends only on the initial and final position and is independent of the path taken in going fromAto B. 
Y 


q O X 


Consider two points A and B in the electrostatic field ofa charge ‘q’ kept at origin. 





i 1 J1 1l 
We then get: [E.a¢ = q = 
A 


4né, |i, Th 


The line integral is, therefore, seem to be independent of path connecting A and B. We can conclude that 
line integral of electrostatic field (does not depends upon the curve L, or L,) depends only on the position 
vectors of the initial and final points. 


For aclosed curve the initial and final positions are the same. Hence 
fE.dl=0 


The line integral of electrostatic field over a closed path is zero; the electrostatic field is conservative in 
nature. 


Consider the work done in displacing a unit positive charge through a distance 'q ¢' in the field; 
dw = F.dé =qE.dé 
=1lxE.dé=E.dé 


Total work done, in moving a unit positive charge from A to B, then is 
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B B 
w = faw =|E.a? 
A A 


Thus line intergral of electric field represents the amount of work done is moving a unit positive charge, 
between two given points, in an electrostatic field. 


This work done by the elctrostatic force, is path independent, as electrostatic force is conservative in 
nature. The concept of potential energy exists only in the case of conservative forces. When electrostatic 
force exists, between two or more point charges within system, we can assign a potential energy U to the 
system (due to two interaction of the point charges). 


Electrostatic Potential Energy 


Consider an electrostatic field ʻE’ due to a charge Q placed at the origin. Now, imagine that we brieng a 
test charge q froma point R to a point P against the repulsive force on it due to charge ‘Q’, without any 
acceleration. (i.e. we apply an external force. F, just enough to counter the electrostatic repulsive force 


F). 


Thus, work done by external force in moving a charge q from R to P. 


ext 


P P 
War = | Faa dr = f Far 
R R 


This work done is against electrostatic repulsive force F and is path independent. At every point, test 
charge q possesses certain potential energy, this work done increases its potential energy. 


Thus, potential energy difference — 


AU =U, —Ug = Wap 


o% 
Q 


Therefore we can define electric potential energy difference between two points as the work required to 
be done by an external force in moving (without acceleration) charge q from one point to another for 
electric field of any arbitary charge configuration. 


A convenient choice is to have electrostatic potential energy zero at infinity with his choice if we take point 
‘R’ at infinity, we can write. 
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_! Qa 


4ne r 





W.» =Up-U, =U, = 


Thus, potential energy ofa charge q at a point (in the presence of field due to any charge configuration) is 
the work done by the external force (equal and opposite to electrostatic force) in bringing the charge q 
from infinity to that point. 


Electric Potential at a Point 


Electric / electrostatic potential ‘V’ at any point in a region with electrostatic field is the work done in 
bringing a unit positive charge (without acceleration) from infinity to that point. 


Tims Veet =U q oo 
Aq q —— 


= [Ede T 
Hence potential V at ‘P’ due to the charge Q is given by 


vj 
Ane, r 
Important Points 


° Electric potential is a scalar quantity, its value may be positive, negative or zero. 


1Joule 1J 
e SI Unit of potential is = iGoulomb of IV IC: 








e Electric potential at a point is also equal to the negative of the work done by the field in taking the unit 
positive charge from infinity to that point i.e. V.—V,, = work done in moving a unit positive charge 


B 
from B to A, or fea = Vie 
A 


The above result is valid only for electric potential ofa point charge. If we wish to find the electric 
potential due to a continuous charge distribution (charged extended body), we first find the potential 
due to an element charge ‘dq’ on the body and then intergrate the expression over the whole charge 
distribution. 
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Electric Potential due to Various Charge Distribution 


(i) Electric potential due to an isolated point charge at a point ‘P’. 


1 
V= 
ATE, 





for q > 0, V + ve for q < 0, V — ve 


(ii) Electric potential due to a system of ‘n’ point charges at a point ‘P’. 





V=V,+V,+V,.A4V, 


(ii) Electrical potential due to a charged rod of length ‘ ¢ ° at a point P having uniform charge ‘0°. 














Q —dx — 
[++++]] ++ P 
dq r 
1r 
l 
L 
v- 6 p E9 
Ane, l T 


(iv) Electric potential due to a charged ring having uniform charge ‘Q’ at its centre having radius R. 


+ 
pE 4 
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1 Q 


7 4ne, R 





(v) Electric potential due to a uniformally charged sing on the axis of the ring at a point ‘P’. 


++ + 





i 


7 ATE JR? +x? 


(vi) Electric field due to a circular disc of radius R with uniform charge density ‘co’ at a point ‘P’. 








3 


(vi) Electric field due to a solid spere ofradius ‘R’ with volume charge density ‘p’ and V = a 7 for, 
0 





r>R. 


2(2_.2 
Loe i forr SR 
6e, | R? 


Example-13: 


A metal sphere 0.30m in radius is positively charged with 2 u C. Find the potential at (a) 1m from the centre 
of sphere (b) a position on the sphere (c) the centre of sphere. 
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Solution: 


l q 


4né, r 





@ V 


_9x10°x2x10* 


V=— 
(b) 4né, r 


_ 9x10°x2x10° 
E 0.3 


= 60 KV 
(c) Potential at the centre of sphere is same as on the surface. 
Example-14: 


Eight changed water droplets, each with a radius Imm and a charge of 10C, coalesce to forma single 
drop. Calculate the potential of the bigger drop. 


Solution: 
Let R and r be the radii of the bigger and small droplet. 
= Volume of 8 droplets = Volume of bigger drop 


=>Re=2r 
= 2x10°m 


As charge is conserved total charge Q = 8x 107°C 


1 Q 
Potential of bigger drop V = Gre, R 


_ 9x10" x8x10” 
2x10? 


= 3.6 x 104V 
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Relation between Electric Field Strength and Electric Potential 


Consider two surfaces A and B having potential V and V+dV, where dV is the change in potential in the 
direction of Ẹ. 


Let a unit positive charge is moved from A to P in the direction of Ẹ; then work done in this process is 


EJA. 














E 
Thus, |E|d¢=V-(V+dV) V+dV 
dV dV 
or |E] PT, a & (dé =dr) 
or = fdV=-[Edr y 


=V, -V, =- | Edr 
Important Conclusion 
° Electric field always pionts in the direction in which the potenital decreases steepest. 


e Magnitude of the component of electric field (in any direction) is given by the change in the manitude 
of potential per unit displacement. In otehr words magnitude of component of electric field is numerically 
equal to the potential gradient. 


N V 


ie C m 
Equipotential Surface 


Equipotential surface is a surface over which potential has a constant value. 


Hence, no work is required to move a test charge on the equipotential surface. Thus, electric field, at every 
point, is normal to the equipotential surafce passing through that point. 


Qualitatively, we can determine the magnitude and direction of electric field by understanding the following 
points about equipotential surfaces: 


(i) The density of equipotential surfaces gives an idea about the magnitude of electric field. Higher the 
density, larger the field strength. 
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(ii) The direction ofelectric field is normal to equipotential at every point and points in the direction of 

















decreasing potential. 
Vi Vz V, 
a , 
VoRa 
Prenes E (x-direction) 
> 
In uniform — equipotential Equipotential surfaces for isolated charge 
surfaces are equally spaced. are concentric spherical surfaces 







Oe 


Equipotential surfaces for 
two identical charges 


Uan 





Equipotential surfaces are coaxial cylindrical 
surfaces for a line charge/uniform charged 
wire with axis lying at line charge 


YZ 


planes E (x-direction) 





Equipotential surfaces for an electric field which increases 
in magnitude but remains constant in +x—direction 
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Example-15: 


The potential of an electrostatic field is given by V = 2x”. Determine the field strength at the point (2m, 0, 
3m). 


Solution: 











We known that Ex E, E, =- 


A Ex= -E (2x ) =—4x 


Also E, =E, =0 
<. Invector form Ẹ = —4yi 


Hence Ẹ, at (2m, 0, 3m) is given by 
E=-4x2i= -(si)* 
C 


Example-16: 
The figure shows field lines and equipotentials (dashed lines) 


(i) Findthe external work done to move a—2 uC charge, at constant speed from A to B, along the path 
shown. 


(ii) Also, determine the work done by the electric field. 





Solution: 


Since electric field is conservative, therefore, work done by electric force is independent of path. 
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Using work-energy theorem, we have 


WtW = ak 


electric 


The there is no change in speed, A k=0 





Wx = W eati 
Wa E qV; Va = 2x10° ( 25 ( 15)) 
=20uJ 

>W =—20uJ 


electric 


Electric Potential due to an Electric Dipole 


Consider an electric dipole consisting of two charges q and —q separated by small distance ‘2a’. Electric 
potential at any point ‘P’ at a distance ‘r’ from the centre is given by: 





_ l pcos® 
Ane, 4nr° 








Where ‘ Q’ is the angle between Pand ry. 
as pcosO=p.r 


yy >> a) 


2 
Ane, r 


if @ =0° or n, the potential an dipole axis is given by: 


1 p 
Ane, r (+ sign for 9 = 0°, -sign for = 180°) 


Vat 





T 
f0 = 7? the potential, in the equitorial plane, is ‘zero’. 
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Important Conclusion 


The potential due to a dipole, depends not just on distance r, but also an the angle ‘Q’ between Pand r. 
It, however, has axially summetry about point ‘p’. 


Electric Potential Energy of a System of ‘n’ Point Charges 


The electric potential energy ofa system of ‘n’ point charges is the work done to assemble this sytem of 
charges by bringing them in from an infinite distance. 


n n 


1 1 qiq; 
"a ee 2 


jl i= Ñj 





i¥j 
IfU is +ve, it indicates work is done by the external agency to assemble these charges. This work done is 
stored in form of potential energy. If U is —ve, it indicates work is done by the elctrostatic forces to 
assemble these charges. This means potential energy is released. 
Potential Energy in an External Field 
e Potential energy ofa single point charge in external field at ‘r’, U=work done on q against the field. 
U=qV@) 

Where V (r) is the external potential at the ponit ‘r’. 
° Potential energy ofa system oftwo charges in an external field, 

U = workdone on q, against the field + work done on q, against the field + workdone in bringing q, 


in field on q,. (Mutual interaction energy) 


1 qq 
U=q V(r) i q, V (r,) j ATE, r 


12 








° Potential energy of an electric dipole havnig dipole moment ‘p’ and charges separated by a (small) 
distance ‘2a’ 


2 


l q 
B= (VŒ = VCD) aire, 2a 





2 


T here p-E=|a[V(+) v( q) | qE2a cos 0 =—pEcos 6 | 


V =-p.E- 
7 Ane, 2a 
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Example-17: 
Two charges 7 uC and —2 uC are placed at (-9cm, 0, 0) and (9cm, 0, 0) repsectively. Suppose that 


1 
system of charges is now placed in an external field, E = ATA =9x10°cm? what would be the 
electrostatic energy of configuration? 
Solution: 


Mutual interaction energy of two charges will be 


1 2 
U, = qıq2 
4ne, r 


_9x10°x7x(-2)x10" 
0.18 





=-0.7J 


The additional energy of interaction in external field will be 


U, =q,V (1, ) +q,V(t,) 





WC AZC soy 
0.09m 0.09m 
Ua = U, + U, 


=(50-0.7) =49.3J 


Electrostatics of Conductors 


In conductors, electric charges (elections) are free move throughout the volume of such bodies. When 
there is not net motion of free charges within the conductor, the conductor is in electrostatic equilibrium. 
The following are the properties ofa conductor in electrostatic equilibrium. 


(i) Electrostatic field is zero everywhere inside the conductor. 
(ii) | Net volume charge density inside a conductor is zero. Any excess charge must reside at the surface. 


(wi) At the surface ofa charged conductor an electrostatic field must be normal to the surface at every 
point. 


(iv) Electrostatic potential is constant throughout the volume of conductor and has the same value (inside) 
as anits surafce. 
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(v) Electric field at the surface ofa charged conductor is: 


o^ 
E=—n 
E€ 


Where o is the surface charge density and n isa unit vector normal to the surface of conductor 
along the outward direction. 


Electrostatic Shielding 


If there is a cavity inside the conductor or it is hollow, the field strength inside the cavity equals zero, 
whatever is the field outside the conductor. 


Hence whatever be the charge and field configuration outside, any cavity in a conductor remains sheilded 
from outside electric infulence. This is known as electrostatic sheilding. 


Important Points 


° Ifa charge ‘q’ is kept in the cavity, then a charge (—q) will be induced on the inner surface and (+q) 
will be induced on the outer surface of the conductor. 


e Ifa charge ‘q’ is kept inside the cavity ofa conductor, and conductor is given a charge Q, then a 
charge (—q) will be induced on the inner surface and total charge on the outer surface will be (q+Q) 


2 











+ 
top + 


Example-18: 


A small sphere, of radius r,, having a charge q, is, enclosed by a shpherical shell of radius r, and charge q,. 
Show that ifq, is positive, charge will necessarily flow from sphere to the shell (when the two are connected 
bya wire) no matter what the charge q, on the shell is. 
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Solution: 


Electric potential at the point ‘A’ 


V = 1 a, l q, 
4ne, t, 4, G 





Electric potential at the piont ‘B’ 


ATE, 1, 478, 5 





The p.d (V -V p) is independent of q,. Ifq, is positive, then (V,—V,,) is positive. 


Hence inner small sphere is always at higher potential and ifconnected by a wire, charge will immediately 
flow from the sphere to the shell. 


Dielectrics 


Dielectrics are (generally) non-conducting substances. Glass, plastic, mica, oil etc. are examples of dielectrics. 
The molecules ofa dielectric, substance may be ‘polar’ or ‘non-polar’ in nature. 


When a dielectric material is placed in an external field, the elctric porperties get modified. In case of non- 
polar molecules (zero permanent dipole moment ofmolecules) the positive and negative charges of the 
molecules experience electrostatic forces in opposite direction. Therefore, the centre of two charges get 
separated from each other. The molecules thus acquire an induced electric dipole moment in the direction 
of the field. 


Let us now consider a dielectric whose molecules are polar (i.e. having a permanent electric dipole moments). 
In the absence of any external electric field, the individual dipoles (molecules) are oriented at random; 
hence the net dipole moment of the dielectric is zero. When such a dielectric is placed in electric field, the 
molecules tend to allign themselves parallel to the field due to the torque experienced by them in the field. 
Thus, a net dipole moment, is produced in the field. 


We can thus conclude that, an electric field, induced in a dielectric, (polar or non-polar) a net dipole 
moment along the direction of the field. This phenomenon is known as dielectric polarisation or polarisation 
of matter. 


Behaviour of dielectric slab is an electric field 


Suppose a slab of dielectric material is placed in a uniform electric field E, created says, by two parallel 
plates. Its molecules (electric dipoles) will try to orient themselves in the direction of the field. The net effect 
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is the appearance ofa negative charge on the face of the slab infront of the 
positive plate and equal positive charge on the face infront of the negative 
plate. The net charge in the interior is zero. These induced charges produce 





their own electric field E in the direction opposite to external field E, . Hence 


we conclude that when a dielectric is placed in an external field, the field in 
medium is reduced. 


The induced dipole moment, per unit volume, is denoted by the vector P. 





For a linear dielectric 
P=x,E 
Where x, isa constant called the electric suspectibility. 


Capacitors 


Acapacitor is a system of two conductors separated by an insulator usually, in practice, the two conductors 
have charges +Q and —Q, anda potential difference ‘V’ between them. [Even a single conductor can be 
used as capacitor by assuming the other conductor at infinity]. 


The conductors may be charged by connecting them to the two terminals ofa battery. 


Relation between Q and V 


The electric field in the region between the conductors is proportional to the charge Q. That is, ifthe charge 
on the capacitor is double the electric field will also be doubled at every point. 


Conductor 1 Conductor 2 
p-d = V-V, =V 
Consequently, V is also propotional to Q. 


Mathematically Q « V 
ie. Q=CV, Cisa constant of proportionality known as the Capacitance ofthe capacitor. 


The capacitance C depends only on the geometrical configuration (size, shape, and separation) ofthe 
system oftwo conductors. 


lcoulomb _ 1C 
lvolt Of 1V 
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The equation shows that for large C, V is small for a given ‘Q’. This means a capacitor, with large capacitance 
can hold large amount of charge, at a relatively small p.d. between the conductors. 


The proportionality, between Q and V, is true only untill V becomes so large that dielectric breakdown 
occurs. Ifdielectric or insulating, medium breakdown occurs the capacitor no longer behaves like a perfect 
one. So it is important to keep ‘V’ below the breakdown potential of the capacitor. 


Capacitors are mainly used to store charge and electrical energy. Acapacitor with fixed capacitance is 


symbollically shown as =| L while the one with variable capacitance is shown as Je 


Depending upontheir geometry, capacitors are categorised as: 
(i) Parallelplate capacitors 
(ii) Cylindrical capacitors 


(ti) Spherical capacitors 


Capacitance of a Parallel Plate Capacitor 








A parallel plate capacitor consists of two conducting long plates parallel to each other and separated by a 
small distance which is small compared to linear dimensions of plates. 


The electric field between the plates is given by E = = 
Eo 
Where o is the surface charge density on either plate. 


IfA is the area of each plate and Q charge on each plate then. 


Q 


E=—~ 
EA 


As potential difference between the plates in given by V = Ed = = d 
Eo 
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— 70 


Capacitance of parallel plate is given by C = va in vaccum (or air). 


Ifthe space between the plates is filled by a medium, of dielectric constant k, the capacitance. 


C,, =kC, 


m 


Energy Stored in a Capacitor 


The energy ofa charged capacitor is measured by the total work done in charging the capacitor to a given 
potential. 


dw = vdq 
Q 
w= Jdw=| 24g 


This work done is stored as electrostatic potential energy in the field of capactor and is given by. 


2 
es. 


“20 ! 

l 

is v| | 
=—CV I 
l 

l 


2 
= ay 1 
5589Y (1) 


Energy density is the energy stored per unit volume. For the parallel place capacitor, we have u = U,Ad. 
From this, we get 


Combination of Capacitors 


When there is a combination of capacitors in a circuit, we can replace the combination with an equivalent 
capacitor. 


An equivalent capacitor is a single capacitor that has the same value of capacitance as that of actual 
combination. 


(@) Series Combination : All capacitors will have same charge but different potential difference across 
them. As Q in constant, V = V +V+V,.....000 +V „ Thus, for capacitors connected Q in series; we get 
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(ii) Parallel Combination : All the capacitors will have same potential difference 
but different amount of charges. As V is constant, Q=Q, +Q, +Q,.....Q.. 


Thus for ‘w’ capacitors connected in parallel, C,, =C, +C, +.....C,. 
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i. 1l 1 1 
C. Q G C 


eq 





In series combination the equivalent capacitance is always less than the least value of the 
capacitances, given inthe electrical network. 


= x [2 x Q -oo u 
C G C 


1 2 





3 
| 
V volts 


1 
As charge in constant, V œ% T , hence in series combination the smallest capacitor has the 


maximum potential difference between its plates. 
Energy stored in series combination is given by 


1 Q? 


combination — 3 
iG, 


In parallel combination equivalent capacitance is always greater than 
the largest value of capacitance given in combination. 


As V is constant, Q œ C hence maximum change appears across the 
capacitors of largest value. 





Energy stored in parallel combination is given by: 


-lo v’ 


combination 2 eq 


Redistribution of Charges 


Consider two insulated capacitors A and B of capacitance C, and C,, carrying charges q, and q, respectively. 
Let V, and V, be their respetive potentials. When the two capacitors are joined by a thin metal wire, the 
positive changes will flow from higher potential to lower potential till both the capacitors accquire some 
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common potential. Thus charges are redistributed but total charge q = q, + q, remains constant. 


= Qae = qı +q, 
common Cx C a C, 
_ CV, +C,V, 
C +C, 
Before connection: 


1 1 
U,= =C,V; +C, V? 
2 2 
After connectino: 


U, = > (Cra ) v 


2 common 


Hence there is a loss in electrostatic energy in the form ofheat. 











1 
upna yay 
2C,+C, i 
+q: -qı 
C, 
V, 
+q, -q2 
C, common 
V, After connection 


Before connection 





C 
Change on C, after connection qi =C, Veommon = : Js 





C 
Change on C, after connection q3 = C, Voommon = í i Js 
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‘Dielectric’ in a Parallel Plate Capacitor 


Consider a parallel plate capacitor, having two large plates, each of area A, separated by a distance ‘d’ in 
vacuum. 


Situation—1: A dielectric, of constant k, is inserted between the plates ofa fully charged capacitor, after 
the supply was disconnected. 





Let the thickness of dielectric slab be t (t < d). 


As capacitor is fully changed and battery disconnected, charge on each plate, 


q =q, = Constant 


V=E,(d-t)+E,, 


>v=vfı EE) 
d kd 





The potential between the plates decreases from its value V, (in vacuum or air) as C= 7 = ` it comes 
c-— Ù% 
out, (1 -t + 4) , the capacitance increases from its value C, (in vacuum or air) 
d kd 





2 
u=;2-u,(I n =) 
2C d kd 


The energy stored in the field of capacitor decreases from its original value U, (in vacuum or air) 


Ift =d, (the dielectric completely fills the space between the plates). 


We have, q = qp 
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V, 

V= 
and k 
.C=Ck 
U 

U =— 
and k 


Situation—2: A dielectric slab of constant k is inserted between the plates of the capacitor while the 
voltage supply remain connected (during charging of the capacitor). 


V= Vo = constant 


C=kC,, capacitance increases from its original value C, (in vacuum or air). 


q-=kq,, change storage increases from its original value q, (in vacuum or air). 
l y2 
U=—CV’ =kV, 
2 


Energy stored fromits original value V, (in air or vacuum). 
Example-19: 


Find the equivalent capacitance between points A and B. 





c pC C 
me 
Infini 
E 2C 4C i 
BO 1 ~ Il J 
È 


Solution: 


Let the equivalent capacitance is x, then net capacitance after CD point will be ‘2x’ because every 
capaciatnce becomes 2 times as compared A and B. 


—'I 1 


Ja T 





X 2X 
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7 (C + 2x) C 
~ C+2x+C 
pres 
V2 
Example—20: 


Ina parallel plate capacitor of capacitance C, the plate A carries a positive charge and the plate B carries 
a negative charge. The potential difference between the plates is V,, Ifthe plate A is given an additional 
charge ‘+Q’, then determine the potential difference between the plates. 


Solution: 
It is important to note that if the capacitance of the parallel plate capacitor is ‘C’, q+Q -q 
then the capacitance of each isolated plate will be 2C. +ô -B 


Thus, the potential ofplate A will be, 


dn H = 
A 2C = 





; -q 
=—. 
and that of B willbe, Ys mC 


The p.d. between the plates, now will be: 


>V=V,-V, 

_Q+q_ 4g 

2C 2C 
yut, Q 
2C 


Therefore V = V, + 2 (Since q= CV, given) 


Example-21: 


Find out capacitance between A and B if three dielectric slabs of dielectric constant K, ofarea A, and 
thickness d,, K, ofarea A, and thickness d, and K, ofarea A, and thickness d, are inserted between the 
plates ofparallel plate capacitor ofplate area A as shown in figure. (Given distance between the two plates 
d, z d, + d,) 
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A 


Solution: 


The capacitor behaves like three individual capacitors C,, C, and C, such that C, & C, are in series and 
their resultant is in parallel to C. 


C,C 
Ca =C +4 
Thus, eq 1 C, +C, 

A,K,€ A3K,€, 
AK, 4, d, 

d,+d, AK8 AK8 
d, d; 





AK; | A,K,K,€, 
“ d,+d, K,d,+k,d, 





ADDITIONAL EXAMPLES 
1. The region between two concentric spheres of radii ‘a’ and ‘b’, respectively 


A 
(see figure), has volume charge density P = Pa where A is a constant and r is (%2 


the distance from the centre. At the centre of the sphere is a point charge Q. The 
value ofA such that the electric field in the region between the sphere will be 
constant is: 


-Ql -NA 
(1) 2n(b*—a’) (2) n(b?-a’) 
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2Q Q 

O = O x3 

Correct option is (4) (IIT 2016) 
Solution: 


Let E be the electric field at any point distance r from the centre. We than have 
E = electric field, at a distance r, due to a point charge Q’ where, 
Q’ =Q + charge in the region between r = a and r =r 


=Q+ fp-(4mrar) 


0 





=Q+2r(r° -a°)A 


a eee) 


2 
4ne, r 





This has to be independent ofr. We, therefore, have 








Q (2na2A 
X= =0 
r r 
pe 

2ra 


A long cylinderal shell carries positive surface charge o inthe upper halfand negative surface charge 
—o inthe lower half. The electric field lines around the cylinder will look like figure given in: 


(Figures are schematic and not drawn to scale) 
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(3) (4) 
Correct option is (3) (IT 2015) 
Solution: 


The correct figure is figure 3. This is because electric field lines start from positive charges and 
terminate on negative charges. 


3. Assume that an electric field E = 30x i exists in space. Then the potential difference V ,—V,, where 
V , is the potential at the origin and V, the potential at x =2 mis: 


(1) -80V (2) 80V 
(3) 150V (4) -150V 
Correct option is (1) (IT 2014) 
Solution: 
dv 


h E,=-— 
We have, ©, dx 


“ dv = -E dx 
2 

= Va -V =- f30x°dx 
0 


3 2 
=-30|-| =-80v 
3 








0 


4. A uniformly charged solid sphere of radius R has potential V, (measured with respect to oo ) on its 
3V, 5V, 3V, 


a% h 
2 > 4 an ave 


4 4 





surface. For this sphere the equipotential surfaces with potentials > 


radius R,, R,, R, and R, respectively. Then 
(1) R,=0andR, <(R,-R,) (2) 2R<R, 
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(3) R,=0andR,>(R,-R,) (4) R, # Oand(R,-R,)>(R,-R,) 
Correct option is (1) (IIT 2016) 
Solution: 


Let the sphere have a charge +Q. Then Potential 


K 
(i) Onthe surface Vp = £g 





K 2 
(ii) inside(O<r<R) V = ~ (3R? -r°) 


_ 3Va_3KQ 


> OR (At the cenre r= 0) 


Therefore, radius of equi-potential at the centre of sphere is zero. R, = 0 


Let R, be the radius of second equi-potential surface 











4, Pee (3R*-R3) 
4 2R, 
” 2R} =R? >R, = 23 
re 2 2 V2 
Let R, be the radius of third equi-potential surface 
_ 3%) _KQ 
ae R 
3KQ KQ R = 4R 
4R R , 3 


3: 
Let R, be the radius of third equi-potential surface 


Vo KQ 
4 R 


4 


K 
_ KOKO g wap 
4R R, 


w ~ =2.66R 





 R,-R,=4R 
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R 
R, =——- <R 

and > Tala 

2 R, <(R SR) 


3uF 


5. A combination of capacitor is set up as shown in the figure. The 4uF 
magnitude ofthe electric field, due to a point charge Q (having a charge 


equal to the sum ofthe charges on the 4uF and 9uF capacitors), at a Du 
point distant 30m from it, would equal: 2uF 

(1) 360 N/C (2) 420 N/C +H 

(3) 480 N/C (4) 240 N/C 8v 

Correct option is (2) (IIT 2015) 
Solution: 


The equivalent capacitance of the top row is 3uF . 
7. Q=3x8uC = 24uC 
This charge, onthe 4uF capacitor, gets divided, in the ratio 1:3 


between the 3uF and 9uF capacitor. 


3 
Hence Q, = m 24uC 





=18uC 


<. The charges on 4uF and 9uF capacitros are charges 24uC and 18uC respectively. 


9x10? x(24 +18) uC 
30x30 


=420N/C 





Hence, E = 


6. Inthe given circuit, charge Q, on the 2uF capacitor changes as C is varied from 1uF to 3uF.Q, 
as a function of ‘C’ is given properly by : (figures are drawn schematically and are not to scale). 


C 


2uF 
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Charge Charge 








(1) 





luF 3uF 
(3) (4) 


Correct option is (1) (IIT 2015) 


Solution: 


3 
For C= luF , equivalent capacitance = Fi uF 
3 2 Vv 
$ =—Vx=uC =—uC 
r T 2 
; f 5 
For C =2 uF, Equivalent capacitance = 6 pF 


5. 2 5V 
`: => V x~ puC =—nC 
Q, PA at 


3 
For C =3 uF, Equivalent capacitance = F uF 


3. 2 
a =—Vx—uC = VuC 
Q, pat u 
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z. Q, iscreases (non-linearly) with increasing C. 


Also change in Q,, in changing C from 2 u F to 3 u F is more than that in changing C from 1 uF to 
3 uF. 


z. Graph 1 is the correct graph. 


7.  Aparallel plate capacitor is made of two circular plates separated by a distance of 5 mm and with a 
dielectric of dielectric constant 2.2 between them. When the electric field in the dielectric is 3x 10* V/ 
m, the charge density of the positive plate will be close to: 


(1) 3x10* C/m? (2) 6x10* C/m? 

(3) 6x107 C/m? (4) 3x107 C/m? 

Correct option is (3) (IIT 2014) 
Solution: 


(o 
Electric field (between the plates of the parallel plate capacitor) E= KE 


0 
n 6=EKe, =3x10*x2.2x8.85x10°7C/m? 


=6x107C/m? 


8. Acharge Q is uniformly distributed over a long rod AB oflength L as shown in the figure. The electric 
potential at the print O lying at a distance L from the end A is: 








O A ZZN B 
1 L — e1 L — 
3Q Q 
0) 4ne,L 2) 4ne,LIn2 
Qln2 Q 
O) Anel (O Brel 
Correct option is (3) (IIT 2013) 
Solution: 
O 
° TS T 
1d $t$ 
x dx 





1 |(Q 1 
Potential at O, due to the small element dx, is ¢V = 4 ( Je 
TE |\ L x 
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x=2L 


[2 


=L 





a 


* 


_ Q(én2) 
Ane L 





Two capacitors C, and C, are charged to 120 V and 200 V respectively. It is found that by connecting 
them together the potential on each one can be made zero. Then: 





(D 3C,+5C, (2) 3C,+5C,=0 

(3) 9C,+4C, (4) 5C,+3C, 

Correct option is (1) (IT 2013) 
Solution: +Q, 


We need to have the charges on the two, to be equal in magnitude. 


`. 120C, = 200C, 





; = -Q, 
. 3C, =5C, C, 
Two charges, each equal to q, are kept at x =—a and x = a on the x-axis. A particle of mass m and 


charge qo = 3 is placed at the origin. If charge q, is given a small displacement (y << a) along the 


y-axis, the net force acting on the particle is proportional to: 


1 


1) => 2 = 
D -y (2) 
3 1 
=. 4 
(3) y (4) y 
Correct option is (4) OF cos 0 (IT 2013) 
Solution: F H F 
(JLRS) f 
We see fromthe figure, that F,,, = 2F cos 0 Fsin 0 We sg sin Gj 
ye M 
y Pa Xg 


=2F. 


I 
I 
l 
R 3 y I X 
qa +y ¢ i ‘N 
I 
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1 (a3) 
=2 y 


Ane, (a? +y’) J ty 


_@¢ 1 
ore T yy y 








For y <<a, we, therefore, have 


2 
q 
E = 
a os p 


< Fig a y 





PROBLEMS FOR PRACTICE 


1. Two equal point charges Q = +./2uC are placed at each of the two opposite corners ofa square 
and equal point charge q at each of the other two corners. What must be the value of q so that the 
resultant force on Q is zero? 

Ans: 0.5 uC 


2. Two identical charged spheres are suspended in air by strings of equal lengths and make an angle of 
30° with each other. When suspended in a liquid of density 0.8 g/cm*the angle remains the same. 
What is the dielectric constant of the liquid? (Density of the material of the spheres = 1.6 g/cm’). 


Ans: K =2 
3. ABCisan equilateral triangle of side 10m and D is the midpoint of BC. Charges of +100, —100 and 
+75 uC are placed at B, C, and D respectively. Find the force on a +1 u C charge placed at A. 


Ans: 9./2 x10°N, at 45° to a line parallel to BC 


4. There isa uniform electric field E between two parallel plates. An 
electron moving perpendicular to the field enters with velocity V. 
Assuming the force of gravity to be negligible, derive an expression E E 


for the vertical displacement ofthe electron when emerging from 
the plates. Charge ofthe electron in e and mass m. 


Ans: [y= T pge Te | E 
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Two point charges of +16 uC and —9 u C are placed 8cm apart in air. Determine the position of the 
ponit at which the resultant electric field is zero. 


Ans: 24 cm to the right of—9 u C charge 


Three point charges q, 2q and 8q are placed ona 9cm long straight line. Find the positions where the 
charges should be placed such that potential energy of this sytem is minimum. In this situation, what 
will be the electric field at the position of the change q due to the other two charges. 


[Hint: For minimum potential energy the charges of maximum magnitude should be farthest apart. 


dU 
Such that — =0. 
dr 





8q e~ > 
r 


2q 


Oe 


U will be minimum for r = 6cm. The electric field at q within situation is E = 0.] 


Three point charges of 1C, 2C and 3C are placed at the corners ofan equilateral triangle of side 1m. 
Calculate the work required to move these charges to the corners ofa smaller equilateral triangle of 
side 0.5m. 


Ans: 99 x 10°J 
[Hint: Work required is stored as the additional potential energy of the system. ] 


A change Q is distributed over two concentric hollow spheres of radiir and R (> r) such that the 
surface charge densities are equal. Find the potential at the common centre. 


Rea Q (5) 


Ane, (r? +R? 








Two electric dipoles of moments p, and p, are in straight line show that the potential energy of each 


1 pp 
in the presence of other is ~ ane. PE , Tis the distance between the dipoles (r is much greater than 


0 3 
the length ofthe dipole). q 
Two charges q, = +2x10*C and q, = -0.4x10*C c 
are placed 60 cm apart as shown. A third charge q, = 
+0.2x 10C is moved along the arc ofa circle of radius 
80 cm from C to D. Find the percentage change in the om 
potential energy ofq,. 
Ans: 76% qı 

A e B D 


60 cm 
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11. 


12. 


13. 


14. 


15. 


In the figure given, the electric field E = 100 N/C is shown. The side ofthe cube is 20 cm. Find the 
nature of the charge which is inside the cube and the magnitude of the charge given 


&) =8.85x10 7" C? / Nm’. 


20 cm 
Ans: q = +7.08x10"'C 


Ina region ofspace, the electric field is given by E = 8i + 4j +3k . Calculate the electric flux through 


a surface ofarea 100 units in x-y plane. 
Ans: 300 Units 


Electric field in the given figure is directed along +x direction and 
given by E = 5A + 2B. Where E is in N/C and x is in metre, A 
and B are constants with dimensions. Taking A= 10 N/Cm and 
B 5 N/C. Calculate 


(i) The electric flux through the cube. 
(ii) Net charge enlosed within the cube. 


Given s, =8.85x10°?C? / Nm? 





Ans: 6,., =0.05N/Cm’, q=44.25x10"C 


net 


Inthe given circuit, ifthe ponit p is connected to earth 
and a potential of +1200 V is given to pointa, calculate 


the charges accquired by each of the capacitors and Cc. 
the potential ofthe point C? 4 | 
Ans: Charge on C, = 2.4x10°C 3yF 


Charge on C, = 1.6x10°C 
Charge on C, = 0.8x10°C 
Potential at C= 400 V 





In the given network of capacitor, find the effective capacitance betwen the points P and Q. Given, 
C.=C=C=4 pF and C= 5 pF. Ifa 10V battery be connected across P and Q, what will be the 
charges on the capacitors? 
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Gi 
d 
P C, S R C, Q 
C, 


Hint: This is a wheatsone bridge arrangement. The bridge formed by capacitors is balanced R & S 
are at same potential. Charges on C, C,, C, and C, are 20 uC and on C, = 0, Cc uF. 


A 20 uF capacitor charged to 100 V is connected in parallel to a 10 pF capacitor charged to 100 
V. Find the loss in energy. 


Ans: 2.70 J 


Two capacitors 25 pF and 100 uF, connected in sereis are charged to 120V battery. The battery 
is then removed. The capactitors are now connected in parallel. Find the (i) p.d. across each and (i) 
energy loss in the process. 


Ans: p.d. across each = 38.4V, Energy loss = 0.0518J 


A parallel plate capacitor contains one mica sheet of thickness d, = 110m and one fibre sheet of 
thickness d, = 0.5 10m. Th dielectric constant of mica and fibre are 8 and 2.5 respectively. Fibre 
breaksdown in an electric field of 6.4x10° V/m. What maximum voltage can be applied to the 
capacitor. 


Ans: 5200 V 


A 2uF parallel plate capactor with dielectric slab (K = 5) between the plates is charged to 100 V 
and then isolated. What will be the p.d. ifthe dielectric be removed? How much work will be done 
inremoving the dielectric? 


Ans: (i) 500 V 
(ii) 0.20 J 


Find the equivalent capacitance between the given combination. 


Su 30uF 


i F | 10uF  15uF | P 


Ans: 30u F 
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QUESTION BANK 
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Key Learning Points 
1. There are two types of charges in nature, like charges repel and unlike charges attract. 
2. Electric charges has three basic properties; quantisation, additivity and conservation. 


3. | Coulomb’s Law: The mutual electrostatic force between two point charges (stationary) is directly 
propotional to the product q,q, and inversely propotional to the square of the distance separeting 


them. F= aids where K is constant of proportionality, having value in SI 9x 10° Nm?°C in air or 
r’ 





1 
vacuum. Also K = 4ng ? & is called absolute permittivity ofthe free space, air or vaccum. 
0 


£, = 8.85x102 CN“? 


In vector form, coulamb’s law is written as 


p= th 


i oe 2 21 
4né, Th 








4. Electrostatic forces in medium decreases by a factor of dielectric constant of medium (k) 


vacuum — k 


medium 


5. We canuse superposition principle for computing the net force on any charge due to any configuration 
of charges. 


1 2 qq; ^ 
F = — fji 
A 4ra, 2 ty : 








6. Electric field strength Ẹ due to a source charge ‘Q’ is independent of test charge q, and is given by 





1 A 
E= Q r 
4ne, r“ 


It is radially outwards from Q, ifQ is positive and radially inwords ifQ is negative. Like Coulamb’s 
law, electric field also satisfies superposition principle. 


7. Fromthe knowledge ofelectric field strength Ẹ at any point ; , we can easily calculate the magnitude 
and direction of force experienced by any charge q, held at that point i.e. 


F=q,E 
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An electrostatic field line is a curve drawn in such a way that tanget at every point onthe curve gives 
the direction of field at that point. 


Electric field intensity at a point is equal to the number of field lines crossing normally a unit area 
around that point or the magnitude of field is represented by the density of field lines around that 
point. 


Electric field strength ofan electric dipole 


(i)  Onaxial line of electric dipole at a distance ‘r’ from centre given is by: 


pet A 
Ang, (r -a’) 


1 2p 


Ae. 43° 


= forr>>a 
Ane, T 


(ii) On equitorial plane at a distance ‘r’ fromthe centre is: 


e=- l 
Ane, (a? +r’) ? 


Ta es for r >>a 
Ane, T 


1 
Thus, the electric field due to a dipole falls offat large distances, at a much faster rate (o 5) then 


1 
the electric field due to a single charge (o +| ; 


Electric field due to a single point charge has a spherically symmetry whereas that due to an electric 
dipole has cylindrical symmetry. 


Inauniform electric field E, a dipole experiences a torque t givenby T =p xE, but experiences no 
net force. 


Amount of work done in rotating the dipole through a small angle is given by 
w = -pE cos 0, + pE cos 0,. Which is stored in the form of electrostatic potential energy in the field 
ofelectric dipole. 
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14. 


15. 


16. 


17. 


18. 


19. 


The flux A@ ofelectric field E through a small are element As is given by 
Ap = EAs = FAs cos O 


Where 9 is the angle between Ẹ and ʻ (to the area element). f is taken as outward normal by 
convention to calculate the total electric flux through any surface, we integrate. 


= [Eds 


Gauss Law: The flux of electric field through any closed surface s is a times the total charge 
0 


enclosed within the gaussian surface. 
b= Anet 
Eo 
It is used for symmetric charge configuration and is independent of size and shape of gaussian 
surface. 


In the situation, when gaussain surface is so chosen that there are some charges inside and some 
outside, the electric field (whose flux is calculated) is due to all the charges, both inside and outside 
the closed surface. However for electric flux, only inside charges contribute. 


In case ofa shpere (solid / hollow), electric field intensity at an external point varies as a where r is 


distance of the point from the centre of the sphere. In case ofa line charge E ae and in case ofan 
T 


infinite plane sheet of charge, E does not depend upon r. 


Electrostatic force is a conservative force work done in bringing a test charge q, from one point to 
another point is independent of path taken. 


Wasp =o [Vs -V,] 


which is the difference ofpotential energy oftest charge q, between the final and initial position. 


Electric potential at a point is numerically equal to the total amount of work done in bringing a unit 
positive charge from oo to that point ‘r’. 


wot 
v | Bae 


1 l q 
4né, 4TE, r 
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For a point charge ‘q’, electric potential exists at every point in an electric field regardless of whether 
there is a charge at that point or not. 


For a charge configuration, the potential at a point P is given by 


a |4 Cree 
Ame) (iip Top Tp 


Where r,, is the distance of q from P, and so on. 





Potential energy stored in a system of charges is the work done (by an external agency) in assembling 
the charges at their locations. 





1 [a 993 | W043, 
4ne,| 1, T, 


12 13 D3 
1 is & qd; 
ATE 247 T ot, 





Electric potential at a point due to an electric dipole with position vector ‘r’ is: 








On the dipole axis 8 = 0, or 7 





yai 2 
Ane, r° 
pa T 
On the equitorial plane 9 = 3 


V=0 


Magnitude of electric field is given by change in the magnitude of potential per unit displacement 
(potential gradient) and its direction is always towards decreasing potential. 


dV 


E=-— 
dr 


Electrostatic field ‘E’ is zero in the interior of conductor, just outside the surface of conductor, E is 
normal to the surface given by 
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25. 


26. 


27. 


o^ 
E=—n 
E€ 


Charges in a conductor can reside over the surface. Potential is constant within and on the surface of 
conductors. In a cavity, within a conductor, the electric field is zero. Any charge placed in the cavity, 
will appear over the surface of conductor. 


For a parallel plate capacitor (with vacuum or air between the plates) its capacitance ic = 2) is 


Ag 
defined as C = FE where A is the area of plate and d the separation between the plates. Ifthe 


medium between the plates is filled with dielectric, its capacitance increases by C=kC,, where k is 
the dielectric constant of the insulting substance. 


For capacitors in the series combination, the total capacitance is given by 


1 1 1 1 
Ca C C Cn 





where ‘Q’ charge on each capacitor remain same. In parallel combination, the total C capacitance is 
given by 


CSC, FCE 


eq L 
where p.d. across the plates of each capacitors remains same. 
The energy ‘U’ stored in a capacitor of capacitance C, with charge Q and voltage V is: 


2 1 O° 
2C 





1 1 
U=—QV =—CV 
7° 2 


1 
The energy density (energy per unit volume) in a region of Ẹ is 5 aE; 
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Unit-11 : Electrostatics 


Average Coulomb Force / Electrostatic Force 


1. 


In figure, two positive charges q, and q, fixed (symmetrically) along y—axis, exert a net 
electric force in the +x direction. On charge q, fixed along the x-axis. If a charge ‘+Q’ is 
added at (x, 0), the force on q,. 


y 





(1) _ shall increase along the positive x-axis (Correct) 
(2) _ shall decrease along the positive x-axis (Incorrect) 
(3) shall point along negative x-axis (Incorrect) 


(4) _ shall increas but direction charnges because of the intersection of Q with q, and q, (Incorrect) 


Correct answer: (1) 


Solution: 


As q,; q, are positive charges, and net force on q, is along +x 
direction, therefore q, must be negative 


When a positive charge ‘Q’ is added (x, 0). It will attract —q, along 
+x direction. Therefore force on q, will increase along positive x 
axis. 





Correct answer: (1) 


Easy 


Unit-11 : Electrostatics 


Coulomb Force / Electrostatic Force 


Asmall object with change q and mass m is attached to one end of a string of length ‘L’. The 
other end is attached to a stationary support. The system is placed in a uniform horizontal 


electric field Ẹ,. In the presence of Ẹ, the string makes a constant angle ‘Q’ with the 
vertical. The sign and magnitude of q is 


m 
(1) positive with magnitude E (Incorrect) 
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m 

(2) positive with magnitude T tan 8 (Correct) 
ae : mg 

(3) negative with magnitude E (Incorrect) 
Sete : mg 

(4) positive with magnitude T” 8 (Incorrect) 


Correct answer: (2) 
Solution: 
For equilibrium q > 0, 


X sin _ gE 
Xcosð mg 





=> tan = Æ 
mg 


_ mgtanð 


or E 


Correct answer is (2) 


Average 





Unit-11 : Electrostatics 


Coulomb Force / Electrostatic Force 


3. A tiny spherical oil drop carrying a net charge q is balanced in still air with a vertical 


uniform electric field strength EA 





8in 10°V , , i 
x . When the field is switched off, the drop is 


observed to fall with terminal velocity 2 x 10° m/s. Given g = 9.8 m/s’, viscosity of the air 
= 1.8 x 10° Nsm” and the density of oil = 9000 kg/m’; the magnitude of q is 


(1) 1.6 x 10°C 
(2) 3.2 x 10°C 
(3) 4.8 x 10C 
(4) 8.0 x 10°C 


Correct answer: (4) 


(Incorrect) 
(Incorrect) 
(Incorrect) 


(Correct) 
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Solution: 


When drop is balanced in still air under the effect of electric field then 


4 
gE =~ mpg 
3 
> ae 1 
qaz TPS (1) 


When electric field in switched off, drop falls with terminal velocity. 


A 
2r°(p- 
V= r (e o)g or | MY l 
9N 2(p-0)g 





From (1) and (2) 





_4 P 9V í 
1=3g S 2(p-o)g 


T 
8lx 








asoan] 


x x900x9.8 
10 2x900x9.8 


4 
or q= 


or  =8,0x10”C 


Correct answer is (4) 


Unit-11 : Electrostatics 
Difficult Coulomb Force / Electrostatic Force 


4. Two identical charged sheres suspended from a common point by two massless strings of 
length ¢ are initially a distance d (d <<, ) apart because of their mutual repulsion. Now the 
charges begin to leak from both the spheres at a constant rate. As a result charges approach 
each other with a velocity ‘V’. If ‘x’ is the distance between them at any instant, them 


(1) Vax” (Incorrect) 


2) vax K (Incorrect) 
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(3) Vax 


(4) Vax? 


Correct answer: (4) 











Solution: 
oe ae 
mg 
iftan 0= 0 
/2 
Page E ) 
l 
_ mgr 
24 
mgx _ KQ? 
2 x? 
= (BE) 
Q 2ké 
or Qar 
Qa x’? 
cg ee 
dt 2 dt 
dx 2x” dQ 
r —=——— 
E dt 3C dt 
U g 
dt 
> vax” 


Correct answer is (4) 
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mg 


(Incorrect) 


(Correct) 
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Unit-11 : Electrostatics 


Average Coulomb Force / Electrostatic Force 


Three charges > 7 and 7 are placed at the circuference of a circle of radius ‘R’ at points A, 


B, and C shown in the diagram. The magnitude of force between charges placed at C and B is 


(5) 














(1) = 7 (Incorrect) 
2) ; a (Incorrect) 
(3) “, (Correct) 
(4) a (Incorrect) 


Correct answer: (3) 


Solution: 


as sin 60° = 


BC 
AB 


= BC = AB sin 60° 


=2n Bn 


k 


WwW |A 
w |A 


_ kq? 


(RBY 27R? 





Correct answer is (3) 
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Unit—11 : Electrostatics 
Easy Electric Field 


6. Two point charges Q and —2Q are placed some distance apart. If the electric field at the 
location of Q is E, then the electric field at the location of —2Q will be 


(1) -E/2 (Correct) 
(2) -E (Incorrect) 
(3) -—3E/2 (Incorrect) 
(4) -2E (Incorrect) 


Correct answer: (1) 
Solution: 


Let ‘r’ be the distance between Q and —2Q. Electric field due to —2Q at the location of Q is 


p= X20) we (1) 


Electric field due to +Q at the location of -2Q is 


1_K(Q 
O 2) 
r 
From (1) & (2) 
Ecl 
E 2 
piss 
2 
Correct answer is (1) 


Unit-11 : Electrostatics 
Difficult Electric Field 
7. Let there be a spherical symmetric charge distribution with charge density varying as 


5 r 
p(x) =Po (3-2) upto r=k and p(r) =0 forr > R, where r is the distance from the 


origin. The elctric field at a distance r (r < R) from the origin is given by 
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(z-z) 
(D 43 R 
terf3 E) 
O 33 R 
pr(3_E) 
O) 33 R 
Meet) 
@ “ae. (3 R 


Correct answer: (4) 





Solution: 








q f pav E = ana 
0 





5 8 4r] 
=p,|—4a 
4 3 R 4], 
a hee 
=Po a” RI} (1) 


Electric field intensity at a point on this sheprical surface is 





1 q 1 p,|5_3 mî 
E= = 2| = nr 
Ane, r? 4ne, r? È R [From (1)] 


p23 r] 
4e l3 R 


Correct answer is (4) 
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(Incorrect) 
(Incorrect) 
(Incorrect) 


(Correct) 


UDAON 
Unit-11 : Electrostatics 
Difficult Electric Field 


8. A positively charged metal ring a radius R is fixed in the x-y plane with its centre at origin 
‘O’. A negatively charged particle P is released from rest at the point (0, 0, z,) where z, > 0. 
Then the motion of charged particle P is 


(1) periodic provided z,<R (Incorrect) 
(2) simple harmonic for all the values of z, (Incorrect) 
(3) approximately simple harmonic provided z, <<R (Correct) 
(4) such that it crosses centre of ring ‘O’ and continues to move along —z axis (Incorrect) 


Correct answer: (3) 


Solution: 
The elctric field at the point ‘P’ due to uniformly charged metal Z 
ring of total charge ‘Q’ is given by: n (0, 0, Z,) 
-q 
E- 1 QZ, 


Ane, (R? sy 


Away from the centre ofthe ring. 





Now force on ‘—q’ at P will be- 





=-qE 


l Qqz, 
ATE, (R? +z? y [Acts towards centre ‘O’ of the ring.] 











Forz,<<R 
-l QZ 
Ane, R? 
1 Qq 
F=- >= |z 
or E a) £ 
or F=-Kz 
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1 
Where K = a = Constant 
TEg 


The above equation represents S.H.M. as Faz, and directed towards centre. 


Correct answer is (3) 


Unit-11 : Electrostatics 
Average Electric Field 


9. Three infinitely charged sheets are kept parallel to xy plane having charge densities as 
shown. The electric field strength at the point ‘P’ is: 


Z- 3a ———_——— + 0 
°p 
Z=0 —————— -20 
Z= -8 —S— _—_— eum. G 
Äss 
() a (Incorrect) 
0 
40^ 
(2) ace (Incorrect) 
0 
26 A 
(3) zs (Correct) 
0 
20^ 
(4) ae (Incorrect) 


Correct answer: (3) 


Solution: 


o^ 
For infinite long sheet, electric field is given by E= Pg r (Independent of r). Now electric field due to 
0 
charge density +o, at P, is 
ora 
E, =—|(-k 
1 2€, ( ) 
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Electric field due to charge density —2¢ at P, is 


e-i) 


Electric field due to change density —o at point P, is 


£, =Z), 


Hence total electric field at point ‘P’ is E = E, +E, +E, 





28 
2o0/ ^ -o^ 
E a =—|-k]=——k 

or net 

R 
Correct answer is (3) 

Unit-11 : Electrostatics 

Average Continuous Charge Distribution 


10. A thin semi-circular ring of radius r has a positive charge q distributed uniformly over it, as 
shown in the figure. The net electric field at the centre ‘O?’ is 

















>X 
1 q% 
(lj) 7 Ane, EE (Incorrect) 
1 q% 
D 2n’e, P! (Incorrect) 
3) l č 
(3) 2ne,r (Correct) 
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q 3 
4) Faw Incorrect 
(© an Et ( ) 
Correct answer: (3) 
Solution: 


Charge on element ‘ d¢’, dq = Ad? = Ard 
1 Ad0 


2 





‘ : : dE = — 
Electric field due to this element is Ane, T 


As shown in the figure, one can realise that components along x— 
direction cancel and in pairs. Hence total electric field. 











iso! desing ™ 
Es Í dE sin 0(—j) [ along (-j) | 
0 
1 180° q + 
E= — | dEsin0(-j)= j 
ue Ane, r J (-i) Inet? 
Correct answer is (3) 
Unit-11 : Electrostatics 
Average Electric Potential 


11. Inthe figure given below, equipotential lines are drawn at 0, 20V and 40V. 


B 


Jom 


A 
0.2}m 
0V 20V 40V 
The work done in moving a change of +3 u C from position A to position B is— 
(1) 4uJ (Incorrect) 
(2) 8uJ (Incorrect) 
(3) 12pJ (Incorrect) 
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(4) 120uJ (Correct) 
Correct answer: (4) 
Solution: 


Work done is independent of path taken. Hence 
Wasp = Aq (Vs =N ) 
=3uC(40V —-0V) 


=120uJ 


Correct answer is (4) 


Unit-11 : Electrostatics 
Average Electric Potential 


12. The infinite long wire having linear change density ‘ ),’ is lying in xy plane. A point charge 
q, is moved from point A to point B through the circular path AB of radius ‘a’ centred at C 
in the same plane as shown in the figure. The amount of work done is equal to: 


y 








qo 2 

(1) ans, a (Incorrect) 
QA , 3 

(2) Ge 2 (Correct) 
qÀ , 2 

(3) ma "3 (Incorrect) 
oA 

(4) Jre, (Incorrect) 


Correct answer: (2) 
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Solution: 
À 

Electric field due to infinite long wire is equal to E= TE 
TE yf 

À 
V =-| Edr > V én(r 
a V=-| a(o) 
So potentialat A, Va = on én (3a) 


Eo 
-À 

and potentialat B, Vs = E (n (2a) 
TE, 


Work done in moving q, from A to B 


Wasp =q (Vz -V,) 


-«,|( = (2) = (2) 


aoe fn z) 
ZTE HaC 


Correct answer is (2) 








Unit-11 : Electrostatics 
Difficult Electric Potential 


13. A solid conducting sphere having a charge Q is surrounded by an uncharged co-centric 
conducting hollow spherical shell. The p.d. between the surface of solid sphere and outer 
surface of hollow shell is ‘V’. Now if outer shell is given a charge of —3Q, the new p.d 
between the same two surfaces is 


(q) -2V (Incorrect) 
D V (Correct) 
(3) 2V (Incorrect) 
(4) 4V (Incorrect) 


Correct answer: (2) 
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Solution: 





Initially, V = 


When outer shell is given a charge of ‘“—3Q’ 


vile SHE] 
4ne,|\ 4 g Hh b 


a v= -2]-v 


Anen 5 








Correct answer is (2) 


Unit-11 : Electrostatics 
Average Electric Potential 


14. A conducting spherical bubble of radius a and thickness t (t << a) is charged to a potential 
V. Now it collapses to form a spherical droplet. The potential of the droplet is 





d) V (Incorrect) 
m- ä \ 

D vV z (Incorrect) 
ry 4 

Gy V =| (Correct) 

(4) viar] (Incorrect) 


Correct answer: (3) 
Solution: 


As volume remains constant 


sak! =4na’t (1) 


Where R is the radius of droplet formed. Using conservation of charge. [Q =CV] 
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(4ne,R)V'=(4mea)V as (2) 
aV aV a 
Vis—= =V ' 
k R (3a°t) B [Using (1)] 
Correct answer is (3) 


Unit-11 : Electrostatics 
Difficult Electrostatic Potential Energy 


15. Two point charges each of charge q are fixed at (+a, 0) and (—a, 0). Another positive charge 
q placed at the origin is free to move along x—axis. The charge q at origin in equilibrium will 


have: 

(1) maximum force and minimum potential energy (Incorrect) 
(2) minimum force and maximum potential energy (Incorrect) 
(3) maximum force and maximum potential energy (Incorrect) 
(4) minimum force and minimum potential energy (Correct) 


Correct answer: (4) 
Solution: 


Net force on q at origin is 








2, 2 E 
F=F +E, -—-474_! + (-i)=0 
“ 4né,a Ame, a 


Let the charge q is displaced from origin to position (x, 0). At this 
point net force on the charge ‘q’ due to two end charges is 








or a ee 
A Et r 


U : 
as |F| = T for conservative fields. 








a E S. 
dx 4re, |(a—x) (a+x) 
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2 


For U to be minimum a >O. 





>(a x) =(a+x) >x=0 
Hence charge at origin will have minimum minimum potential energy. 


Correct answer is (4) 


Unit-11 : Electrostatics 
Average Electrostatic Potential Energy 


16. A proton and an -particle are situated at a distance ‘r’ apart. At very large distance 
apart, when released, the kinetic energy of proton will be 














2Ke* 
(1) i (Incorrect) 
8Ke? 
(2) = (Correct) 
T 
Ke? 
(3) A (Incorrect) 
8Ke? 
(4) = (Incorrect) 


Correct answer: (2) 
Solution: 


According to conservation of energy— 


SU (KE), +(K.E.), 


r 
1 > 1 A 
57 Mpp ty PaVa aii (1) 
According to conservation of momentum. 
O=mv,=M,V, eee (2) 
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* 4 
From (1) and 3) 


(KE)P=5m 


Correct answer is (4) 


Average 


17. The electric field strength in a region is given as E = ya i 


sphere of radius ‘a’ with its centre at origin will be 


(1) zero 

(2) 4ras, 
(3) 2ras, 
(4) 8nae, 


Correct answer: (2) 


Solution: 





Unit-11 : Electrostatics 
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Electric Flux 


. The net charge inside a 


(Incorrect) 


(Correct) 
(Incorrect) 


(Incorrect) 


¥4,2¢ 


pie xX? 3 
At a point (x, y, z) on the sphere a unit vector perpendicular to surface can be writtenas n = a +—j+—k 
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and as given that E = 


xit+ yj 
x+y? 





sei -(Stu| (sie jeze] 
x +y a a a 


1 x ; 
Ş af which is independent of co-ordinate of point ‘P’ lying on sphere. Also g n = total flux passing 


through the unit area of sphere. 


=> Total flux passing through sphere. 


p =(E.n)4na’ o 





1 5 
q=£, 7 x4na° = 4rae, 


Correct answer is (2) 


Unit-11 : Electrostatics 


Average Electric Flux 


18. 


Consider an electric field, E = E,% where E, is a constant. The flux through the shaded 


region (as shown in the figure) due to this field is 





(0, 0,0) (0, a, 0) 


x 

(1) 2E,a? (Incorrect) 
(2) V2 Ea? (Incorrect) 
(3) Ea (Correct) 


90 





Correct answer: (3) 


Solution: 


The shaded area A = PO x PS 


. A= (a°i-a"k) 


Electric flux 6 = E.A 


Correct answer is (3) 


Average 


19. Three charges q, = 1 HC, q, =2 uC, and q, =-3 u C and four surfaces S 
shown in figure. The flux emerging through surface S, in Nm?/C is 


(1) 367x10 
(2) -367x10 
(3) 367x10? 
(4) -3672x10° 


Correct answer: (2) 


Unit-11 : Electrostatics 
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(Incorrect) 


Electric Flux 


S,, S, and S, are 


19 "2? 


(Incorrect) 
(Correct) 
(Incorrect) 


(Incorrect) 
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Solution: 


As the flux is due to all the charges present inside the gaussian surface. hence flux through S., 





oe Total charge enclosed 
2 £ 
2uC —3uC 
a ps cig k 


Ep 
or =, =-1x10° x4nx9x10" 


or =, =-36nx10° Nm’ /C 


Correct answer is (2) 


Unit-11 : Electrostatics 
Difficult Electric Flux 


20. The volume charge density as a function of distance x from one face inside a unit cube is 


varrying as shown in the figure. The total flux through the cube is (if p, =8.85x10°C/m’). 





a 
°% 1 a bs 
4 4 (nm) 
(1) 7 SIUnits (Incorrect) 
1 ; 
(2) > SI Units (Incorrect) 
3 
(3) 4 SIUnits (Correct) 
(4) 1 SI Units (Incorrect) 


Correct answer: (3) 
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Solution: 
Let ‘q’ is the total charge enclosed within the cube. 


q=Area of curve (trapezium) 


3 


= | Po 


As flux passing throught the cube willbe given by 


3 3 -12 
= =x8.85x10 
TER 4h 4 


ë $ 8.85x10 





3 
0) =, ol Units 


Correct answer is (3) 


Unit-11 : Electrostatics 
Average Conductors in Electrostatics Equilibrium 


21. A cavity is created in the conducting shell having uniform charge distribution of +8 units as 
shown in the figure. Now if a charge of +4 units in placed at the centre of cavity. Which set 
of equations correctly describe the magnitude of electric field. 




















+8 units 
<7 r <r<r, r<r, 
K12 K8 

() E=0 E= 7 a E= - (Incorrect) 

K4 K12 
g B= E=0 E=— 34 (Correct) 

K4 K8 
(3) E= T E= T E=0 (Incorrect) 
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K4q 











M E= r E=0 E= 2 (Incorrect) 
Correct answer: (2) 
Solution: 
ERE- : E=- K4q 
Esia Cavity will be non-zero having value £ = 2 (forr<r,). 


In electrostatic equilibrium, field inside conductor is zero (for r,<r<r,). 


As charge placed at cavity, will appear over the surface of conductor, hance q=8 + 4= 12 units. 


K12 
Thus, E = a a (for r>r,) 





Correct answer is (2) 


Unit-11 : Electrostatics 
Average Conductors in Electrostatics Equilibrium 


22. Aspherical shell with an inner surface of radius ‘a’ and an outer surface of radius ‘b’ is 
made of conducting material. A point charge ‘+Q’ is placed at the centre of the spherical 
shell and a total charge —q is placed on the shell. 


oe 


-q 


Assuming that the electrostatic potential is zero at infinite distance. The elctrostatic potential 
at a distance ‘R’ from the conducting shell where b > R > a is 


() = (Incorrect) 

(2) L| (Incorrect) 
K = 

(3) a (Incorrect) 
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K(O- 
(4) Kod (Correct) 


Correct answer: (4) 
Solution: 


The charge ‘Q’ put at the centre will appear on the surface of conducting shell. So that field inside the shell 
remains zero in equilibrium. Also electrostatic potential in constant throughout the volume and surface of 
the conductor. 


Correct answer is (4) 


Unit-11 : Electrostatics 
Average Dielectrics 


23. A parallel plate capacitor with air as the dielectric and having the same thickness as the 
separation between the plates is introduced so as to fill one fourth of the capacitor as 
shown in the figure. 





K air 
A/4 3A/4 
The new capacitance will be— 
C 
@) aa (Correct) 
C 
(2) (K+2) 7 (Incorrect) 
C 
(3) (K+) Z (Incorrect) 
KC 
(4) a (Incorrect) 
Correct answer: (1) 
Solution: 
; As, : . 
The capacitance C = FE (without dielectric). 
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, . l Ke,A/4 . ; . 
Let C, be the capacitance of dielectric part then C, an and C, (without dielectric part) 
_ €,3A/4 
d 


The combination acts like parallel combination such that: 


3 
Ke,A/4 4% 
=C +C, = Er 


A 





C 


net 


om =(K43)5 


Correct answer is (1) 


Unit-11 : Electrostatics 
Average Dielectrics 


24. Two identical capacitors 1 and 2 are connected in series 
to a battary of ‘V’ volts as shown in the figure. Capacitor Q m Q& 
2 contains a dielectric slab of dielectric constant K and C, C, 
Q,, Q, are the charges stored in the capacitors 
repectively. Now the dielectric slab is removed and the 











corresponding charges are Q; and Q;. Then the ratio V volts 
Q; 
Q! 1S 
2 
p KH i 
D -k (Incorrect) 
K+1 
(2) a (Incorrect) 
hoa c 
(3) IK (Correct) 
K 
(4) = (Incorrect) 


Correct answer: (3) 
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Let ‘C; is the capacitance of each capacitor without dielectric. 


>C, =C, and C, =kC, 
Before dielectric is removed. 


c= CC, _ KC, 
net Cac. Kal (in series) 


KC 
Cay 2 fy 
Q, Q, net E -) 








When slab from C, is removed, now 
C,=C, and C,=C, 


Ce =D (in series) 


As Q is same on each 





ro 1_ Cy 

Q,=Q = A V 
From (1) & (2) 

Q _K+l 

Q, 2K 


Correct answer is (3) 


jis (1) [Charge in series remains same] 


Unit-11 : Electrostatics 


Easy 


Redistribution of Charges 


25. A capacitor of 20 u F and charged to 500 V is connected in parallel with another capacitor of 
10 u F charged to 200 V. The common potential of the system is: 


(1) 100V 
(2) 120V 
(3) 350V 
(4) 400V 


Correct answer: (4) 


(Incorrect) 
(Incorrect) 
(Incorrect) 


(Correct) 
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Solution: 
= Aner 
common Cre 
_C,V, +C, Vp 
or common Cy ig C, 
_ 20x10% x500 +10x10°200 
or — (20 +10)x10° 
or N anata = Eu =400V 
39 


Correct answer is (4) 


Unit-11 : Electrostatics 
Easy Redistribution of Charges 


26. Two conducting sphere P and Q of radius r, and r, 
are shown in the figure (r, > r,) 


Both are positively charged and isolated from 
surroundings. They had been connected by a 
connecting wire but the wire is removed after some 


time. Q z 

Which of the following statements are true; 

(a) Sphere P is at higher potential 

(b) Both spheres are at same potential 

(c) Magnitude of charge onP is greater than Q 

(d) Both the shperes will be having same charge after removal of wire 

(1) (a) and (d) (Incorrect) 
(2)  (b) and (d) (Incorrect) 
(3) (b) and(c) (Correct) 
(4) (c) and (a) (Incorrect) 


Correct answer: (3) 
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Solution: 


When both conducting spheres are connected by a wire, there will be redistribution of charge till they 
accquire the same potential (statement (b) is correct). 


As Va Vo 


1 Q 1 Q 


ATE N 4m& n 





Q _ i 
— ee a Q; > Qo (as r>r ) (statement c) 
Qo t 1 2 


Correct answer is (3) 


Unit-11 : Electrostatics 
Difficult Redistribution of Charges 


27. Two capacitor C,= 1 Fand C, =4pF are charged to a p.d. of 100 V and 200 V respectively. 
The charged capacitors are now connected to each other with the terminals of opposite 
sign connected together. Now the energy of the system is 


(1) 0.012 J (Incorrect) 
(2) 0.049 J (Correct) 
(3) 0.081 J (Incorrect) 
(4) 0.162 J (Incorrect) 


Correct answer: (2) 
Solution: 


When terminals of opposite sign one connected together, the magnitude ofnet charges finally is equal to the 
difference of charges before the connection. 


Initial charge on C, = Q, =C,V, = 100 HC 
Initial charge on C, = Q, =C,V, = 800 HC 
Qie = QQ, = 700 HC 


-6 
ig es y 
C 5x10 





net 
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The energy of system 
1 2 

U = C iet Vecimmtn 
2 


or U=x5x10%x(140) 


or U=0.049 J 


Correct answer is (2) 


Unit-11 : Electrostatics 


Average Capacitor (Parallel—Plate) 


28. The force exerted by each plate on the other plate of a parallel plate capacitor of capacitance 
‘C’ and separation between the plates ‘d’ with potential difference ‘V’ between the plates is 











given by 
(1) os C t 
zd (Correct) 

CV? 

2 2 

(2) FE (Incorrect) 
Cv? 

(3) FE (Incorrect) 
dV? 

(4) T (Incorrect) 


Correct answer: (2) 
Solution: 
Force exerted by each plate on the other plate ofa parallel plate capacitor is given by 
1 
F=—qE 
7 q 


where q is the magnitude of charge on either plate and E, electric field between the plates. 
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V 
Also E = a where V is the p.d. between the plates and ‘d’ plate separation. 





V 
=> F=—q— 
ar 
1 CV? . 
or ear) F (Putting q= CV) 


Correct answer is (2) 


Unit-11 : Electrostatics 


Difficult Combination of Capacitors 


29. Five similar capacitor plates, each of area A, are placed 
; ‘g? 12 
at a equal distance ‘d’ apart and are connected to a source 3ļ4ļ5 





V 
of e.m. E as shown in the following diagram. The charge 
on the plate 1 and 4 will be 
EA —26 A 
1 ES y 
Q) -i q 
(Incorrect) 
3 €& AV —2e,AV c i 
(2) a oe (Correct) 
3 —€&AV —3e,AV a i 
(3) = ae a (Incorrec 
EAV —-4e,AV 
OQ -y a (Incorrect) 


Correct answer: (2) 


Solution: 
From equivalent circuit diagram, charge on first plate is 1) 42 
6 AV 3) 12 
Q=CV >Q= = 
d 3G 
5114 
-EAV V volts 


Charge on fourth plate Q'=(—CV) > Q'= 





d 
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As plate 4 is repeated twice, hence charge on 4 will be Q"=2Q' 


—2¢,AV 


ie. Q"= F 


Hence correct answer will be (2) 


Unit-11 : Electrostatics 


Average Capacitor 


30. A network of four capacitor of capacitance equal to C, = C, C, =2C, C, =3C and C,=4C 
are connected to an ideal battery of V volts as shown in figure. The ratio of charges on C, 


and C, is 
C, 
G ii ji C, 
C, 
il 
4 
(1) 7 oe (Incorrect) 
2 = C t 
2 55 (Correct) 
7 
O | (Incorrect) 
22 
(4) z (Incorrect) 


Correct answer: (2) 
Solution: 
As in the given network C,, C, and C, are in series hence, equivalent of this series combination is 


l l 1 1l 
n E 
CGG 


1 1 1 1 


C' C 2C 3G 
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6C 
=>C'=— r 
11 Ç: 
This combination C’ is in parallel with C, 
C, c 
> Cpa =C'+C, = ne + 4C 
11 G 
| 
= 06 V volts 
11 
In parallel combination ‘V’ remains same.’ 
sQl- Q 
C" C; 
6C 
or Se ates 
Q, 4C 22 


As Q’ is the charge on C (Combination of C,, C, and C, in series or change remains same in series. This 


means change on C, will be same as change on C’= Q’) 


ChargeonC, _ 3- 
Hence, ChargeonC, 22 


Correct answer is (2) 


Unit-11 : Electrostatics 


Average Elelctric Flux 


31. Consider an electric field E = E,i> where E, is a constant. The flux through the shaded 


area as shown in the figure, due to this field E is: 


(a, 0, a) 





(0, 0, 0) (o, 2a, 0) 
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(1) Ea? (Incorrect) 
(2) 2E,a? (Correct) 
(3) 2V2E,a’ (Incorrect) 
(4) V2E,a" (Incorrect) 


Correct answer: (2) 


Solution: 

Flux, þ= EA, for uniform field. 
E, x (Area perpendicular to i) 
=E,x(2axa) 
=2E,a’ 


Correct answer is 2E,a” 


Unit-11 : Electrostatics 


Difficult Electic Fied 


3 
32. Two oppositely charged non-conducting solid spheres, of radii R and p R , having uniform 


volume change densitites p,, and p, respectively, touch each other. The net electric field 
at a distance 2R from the centre of the smaller sphere, along the line joining the centres of 


p 
the spheres, is zero. The ratio x is equal to: 
2 


(1) -4 (Incorrect) 
2 
(2) =- 3 (Correct) 
2 
(3) 3 (Incorrect) 
(4) 2 (Incorrect) 
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Correct answer: (2) 


Solution: 





an a 


a now 


Since the spheres are oppositely charged, the point P, where the net field is zero, should lie on the left side 
of smaller sphere, as shown in the figure. 

Let E, be the field due to smaller sphere at P and E, be that due to the bigger one, at P. E, and E, should 
be equal and opposite. 

















3 
A an 4 (3 
2 in| ŻR 
7 1 ria 4 tl; P2 
Now, 4ne, (2R) > Ane, (2x) 
2 
4 4 33 
1 zR P 1 3 pR P 
4ns, 4R?  4re - R? 
2 
go 3 2 
w ga re 
Pa tA 
or p 6 3 


As one of the charge is negative, 


Pi __ 2 
P2 3 
č 5 Pie 
orrect answer 1s P, 3 


105 


UDGON 
Unit-11 : Electrostatics 
Difficult Electric Potential Energy 


33. Three piont charges q, 2q and 8q Coulomb’s are to be placed on x—axis, such that the 
maximum distance between any two is 9cm and the potential energy of the system is the 
minimum. If q is to be placed at the origin, the locations of 2q and 8q are respectively at: 


(1) 6cmand9cm (Incorrect) 
(2) -3cmand6cm (Correct) 
(3) 6cmand-—3 cm (Incorrect) 
(4) —4cmand 5cm (Incorrect) 


Correct answer: (2) 
Solution: 


For minimum potential energy, the charges of maximum energy should be at farthest position. Therefore the 
charges of 2q and 8q should be 9cm apart (as 9cm is the maximum possible according to the question). 
Let the positions of the three charges be as shown in the figure. 


< 9 em ——— 


—_—_— XY OO 
o 





2q q e —îq 
(9-x) cm 
Here, q is at the origin. 
2q at x to the left of origin. 
8q at (9—x) to the right of the origin. 


The potential energy of this system is: 





x 9 (9-x) 


U=- 1 |2qxq 2qx8q | qx8q 
4né, 





2 
a Ue 2q 18 4 
4neé,| x 9 (9-x) 


But, for U to be minimum, 


u 
dx 


0 
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or 


or 


or 


or 





4x? =(9-x) 
+2x=9-x 


x =3 cm, to the left of origin 


UDAON 


A program to give wings to girl students 


x =—9 cm, or 9cmto the right of origin, which is not possible, here. 


<. 2q is to be placed at -3 cm with respect to the origin and 8q should be placed at +6 cm from the origin, 
on the x-axis. 


The correct answer is: 


2q at -3 cm 


qat origin 


8q at +6 cm 


Correct answer is (2) 


Unit-11 : Electrostatics 


Average 


34. 


Electric Potential 


When the intensity of electric field becomes 3x10° Vin", then the insulation of air is broken 
down. A metallic spere in air is able to store a maximum charge of 30 uC. The maximum 


potential the sphere can have is: 
(1) 90V 

(2) 2.7x10°V 

(3) 1.8x10°V 

(4) 0.9x10°V 


Correct answer: (4) 


(Incorrect) 
(Incorrect) 
(Incorrect) 


(Correct) 
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Solution: 


For the maximum values, 
E=3x10° Vm" 


Q =30uC =30x10°C 





1 Q 
But, ES Ane, R? (R= radius ofthe sphere) 
0 
R?’ = i xQ 
4ne, E 
-6 
gygy N 
3x106 
R?= 9x10? m, 
-, R=3x10'm 
=0.3m 


Therefore, the maximum potential it can have is 


l 2 pk 


~ 4ne, R 





= 3x10°x0.3 
= 0.9x10°V 


Correct answer is (4) 


Unit-11 : Electrostatics 
Difficult Electric Potential 


35. A spherical metal shell A of radius R, and a solid metal sphere B of radius R, (<R,) are 
kept at a large distance and are given charges Q each. They are then connected by a thin 
metal wire. Which of the following statements are correct regarding the electrical conditions 
of A and B, after they are connected with the wire? 


108 


(i) | aa = Eisite = 0 


: O, Ry 
o Ook 
Gi) Qi >Q 


(V) ponete _ poner 
(1) @), Gi and (iti) 
(2) (i), (iii) and (iv) 
(3) (ii) and (iv) 
(4) (i), Gi), (iii) and (iv) 
Correct answer: (2) 


Solution: 
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(Incorrect) 
(Correct) 
(Incorrect) 


(Incorrect) 


For metal sphere or shell, charges reside only on the surface. As there is no charge inside, by using Gauss’s 


theorem, we can show that E1" = Bi" = 0, 


So statement (i) is correct. 


Let the charges on A and B, after they are connected with the wire, be Q, and Q, respectively. 





A 
Before Connccting 





After Connecting 


The final potential of A and B will be equal, as charges flow from B and A, till the potential become equal. 


Therefore V,=V, 


1 QQ, 1 Q 





So, 4ne,R, 4ng, Ry 
Qa Qa 
or R R 


B B 
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Since R, > R,, Q, > Qg 


So, optino (3) gives a correct statement. 


Now, Q, =42R% xo, 


Qp =4TRÅ xo, 


„QU Ra oy 
Qs R5 Og 
Ry Ri oa 
or Rg Ry Og 
Sa _ Re 
og Ry, 


So, option (1) is an incorrect statement. 


Electric field E, just outside the surface of A and B are: 


oO (oF 
E, =— and E, == 
Eo Ep 
E, _% 
Es Ok 
oa Ry 
Bu, — 55 
Og A 
E 


Ea Bs E, <E, (asR,<R,) 


B A 


Hence, option (4) is a correct statement. 


Unit-11 : Electrostatics 
Difficult Electric Force 
36. A tiny spherical oil drop carrying a net charge q is balanced is still air with a vertically 


1 


81x x 
upward uniform electric field of strength Eg x10°V -m™', When the field is switched off, 


this oil drop is observed to fall with a terminal velocity 2x10 ms”. If the density of air is 
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neglected and taking g = 9.8 ms”, viscosity of air = 1.8x10-5 N-S-m’, density of oil = 900 
kgm”, the number of electrons missing from the oil drop is: 


(1) 2 (Incorrect) 
(2) 3 (Incorrect) 
(3) 4 (Incorrect) 
(4) 5 (Correct) 


Correct answer: (4) 
Solution: 


Since the drop is balanced is a vertically upward electric field, the change q on it should be positive and so 
few electrons will be missing from it. 


q=ne 

n=? 
We find q using the following equations. 
When the drop is balanced, 

qE=mg (Density ofair is negected) 

4 3 

o qE= a PBS a (1) 
When it falls with terminal velocity v,, a= 0 and so net force on it is again zero. 


Since field is switched off, we have, 


4 
6nnrv, = 3 Pg seit (2) 
ite a2 
2 pg 
% 
9 m) i 
o rs] 3 
pg 6) 


From (1) and (2), we have 


qE = 6nnrv, 
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games. 


or E 


_Smmv, (9 nv," 
E 2 pg 





_ 6mx1.8x10% x 2x10" [paein] 


BIT 199 2 900x9.8 


x 
-08x7 10” «(Sexo | 
3 9.8 


y 
LAT Co 2x10 
3 49 


-08x7 10 «5x10 


= 0.8x107'8 
= 8x10 PC 
But q=ne 


q_ 8xl0°C 


e 1.6x10 C 


E] 


Correct answer is (4) 


Unit-11 : Electrostatics 
Difficult Capacitor with Dielectric 


37. The capacitance of parallel plate capacitor is 50pF and the distance between the plates is 4 
mm. It is charged to 200 V, after that the chargnig battery is removed. Now, a dielectric 
slab of thickness 2 mm and dielectric constant 4 is placed between the plates. The exess 
heat produced in the slab, during this process, is; 
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(1) 1.0x10°J 
(2) 6.25x10°7J 
(3) 3.75x10°7J 
(4) 2.50x10°7J 
Correct answer: (3) 


Solution: 


With air as dielectric, the capacitance ofa parallel plate capacitor is; 


EA eA 
angea 
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(Incorrect) 
(Incorrect) 
(Correct) 


(Incorrect) 


Now, with a dielectric slab of thickness t and dielectric constant K, the capacitance is: 


C= EA 
d-t+() 


When C, is connected to the battery, then 


Q=C,V, = 50x10-?x 200 


= 10°C 


After charging the battery is removed. Hence the change Q will remain unchanged, there after. How, 


suppose the capacitance changes to C, after placing the dielectric. 


C= EA 
Here, d-t+(%) 


E&A 
4-242 
4 
= EA 4 
10 
Since Q remains same, 
Q=C,V,= CV 
z V = CoV, 
C 


(As t = 2m, d = 3mm and K = 4) 


(V is the new potential) 
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_ € Ax 200 
Re &)AXx4 
10 
=125 V 


Now, energy loss, when the slab is placed 


AU =U, -U, 
1 1 
=—QV, -—QV 
zQ o zl 
1 
=e) 


= 5 9(200-125) 


1 108% 75 
2 


754i” 
=3.75x107 s 
This energy loss will appear as surplus heat produced in the slab. So heat produced in the slab = 3.75 x107 J 


Correct answer is (3) 


Unit—11 : Electrostatics 
Difficult Combination of Capacitors 


38. Inthe given network, C, =1 uF, C,=2uF, C, =3 u F and C,=4 p F. When the key is closed 
—q charge flows from A to B. The numerical value of q in u Cis: 
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(1) 2.4 (Correct) 
(2) 1.8 (Incorrect) 
(3) 0.8 (Incorrect) 
(4) 0.2 (Incorrect) 


Correct answer: (1) 

Solution: 

When K is open, the network will be as shown in the figure. C, and C, are in series. Similarly C, and C, 
are in series. Both the series combination get 12 V each. 


e210 
C,+C, 1+3 


1x3 C, Ipc 
x = 


Q, =Q,=V 9uC 















——— 

Q, 16uC QFQ,16uC 
|| 

<. Q=9uC +16pC = 25uC V=12V 


CC 2x4 
Gy -y es -12 =16uC 
W=QW=VE TC, (4) p 





Now, When K is closed, the network will be as shwon in the figure. 
Here, C, and C, are in parallel. C, and C, are in parallel and these parallel combinations are in series. 


Here, the effective capactitance C is: 
C, 84uC A 10.8HC C, 





(C,+C,)x(C,+C,) (1+2)x(3+4) 


C,+C,+C,+C, 14+24+3+4 





_ 3x7 
10 





=2.1pF 





z. Change stored in Q = CV =2.1x12 =25.2 uC. 
So, chnage on (C,+C,) = 3 uF is q,+q, = 25.2 uC. 


Hence, potential difference across C,, which is equal to that across C, is: 





Similary, V,=V,= 3.6 V 
Now, q, = C,V, = 1*8.4 = 8.4uC 
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q, = CV, = 2x8.4 = 16.8 HC 

q; = CGV, = 3x3.6 = 10.8 HC 

q, = C,V, = 4%3.6 = 14.4uC 
Initial change on the —ve plate of C, =—-9 uC 
Final change on the —ve plate of C =—8.4 uC 
Change flowing down through A, from C =—0.6 uC 
Now, initial change on +ve plate of C,=+9 uC 
Final change on +ve plate of C,=+ 10.8 uC 
~. Chnage flowing down through A, from C,= —1.8 uC 
Hence, total change flowing down through A=—0.6 +-1.8 

=2.4uC 

z. Value of qin uC =2.4 


Correct answer is (1) 

Unit-11 : Electrostatics 
Difficult Combination of Capacitors 
39. A,B,C, and D are four similar metallic parallel plates with ARB 


separtions d,, d,, and d, respectively, such that d, : d, : d, = 
1 : 2 : 3. A source of potential V is connected as shwon. The 
potential of A, B, C and D are respectively. 








2, 1 

a) V, z” a aa (Incorrect) 
2., 1 

(2) V, a aoe (Incorrect) 
6. 1 

(3) V, rag ave (Correct) 
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1, 1 
(4) V, 5 V, 7 Vand0 (Incorrect) 


Correct answer: (3) 
Solution: 


The arrangement is equivalent to three capacitors of C,, C, and C, connected in series. Plate area, A, is 
same for all and for C, d, = d; for C,, d, = 2d and for C,, d, = 3d. 


oe in ao ge AB 
dd 
V 
c _&A, &4_ C, 




















l l1 1 1 
cC O G G 
1 2 3 














1 ea G G 


Toe 
r ç C, 
C 
C=% 
or 6 


The charge stored in system is: 


G 
q=CV, q= <y 
6 
qis same for all. 


.. Potential difference for C, is 
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Potential difference for C, is 


v-4- CV _V 


BE i 
2 


Potential difference for C, is 





v-4- CV _ V 


of)? 
3 


Now, from the figure given: 














V, =V and V, =0 (as D is earthed) 
V 
Now, Va — Va = 6 (for C,) 
Vv 5 
Vg =V =V V 
B A 6 6 
V 
Vz ~ Ve IA (for C,) 
V 
Ve = Vs 3 
gv ey 











oF V,=V.Va=2V, Vst and V, =0 


Correct answer is (3) 


Unit-11 : Electrostatics 
Average Electric Field due to Spherical Body 


40. Consider a sphere of radius R with a volume distribution of charge represented by: Pq) = Kr 


for ;<R and p=0 for r 2R . The electric field intensity at any point where r > R is given 
as: 
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E= 
(1) 46, (Incorrect) 
4 
2 E= m (Correct) 
4er 
2 
6) E= KR (Incorrect) 
4s, 
KR* 
(4) E=—,; (Incorrect) 
Er 


Correct answer: (2) 
Solution: 


Let S be a spherical Gaussian surface passing through the point, withr > R. 


E.ds =Ex4nr’ 
Ss 


Now, the total charge of the sphere of radius R is; 


R 
or q= | Kr.4nr’dr 
=0 


r= 





Rt 
or q = TET TTET (2) 
By Gauss’s theorem, 
1 
fE.ds = (ChargeenclosedbyS) __ ..... (3) 
S 0 


From (1), (2) and (3), we have: 


KR? 





Ex4ar’ = a 
Ep 
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4 
_ pe KR 
4er 
Correct answer is (2) 
Unit-11 : Electrostatics 
Average Electric Field due to a Charged Shell 


41. Two concentric conducting thin spherical shells A and B having radii r, andr, (r,>r,) are 
charged to Q, = +q and Q, = -2q respectively. The variation the electric field (E) with 
distance r from the common centre is repressented by the graph. 





(3) (4) 


Correct answer: (4) 
Solution: 


As the shells are made of conductors, charges reside only on their surfaces. Therefore electric field inside 
the shell, due to the charge on its surface will be zero. 


Therefor, inside shell A, there no field due to charge on A or charge on B. In the space between A and B, 
the field is due to charge on A only. Since charge on in Q, =+q, the field in positive direction ofr. 


Now, outside shell B, the charges on A and B behave like point charges at the common centre. 
Q,=+q + -2q 
=q 
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For r, >r>T,, field is due to +q only, as ifit is at 0. 


K 


m 


n. E= 








Therefore, E is positive and it varies inversely as square ofr, forr, <T < rp. 
For r >r, field is due to —q, as ifit is at 0. 


-Ka 


2 
r 


ES 
Therefore, E is—ve and it also varies inversely as square ofr, for r>r,. 


* E=0,uptor=r, 


1 
E is positive and Ea T forr, <T < Ty 


1 
E is negative and Ea— forr>r,,. 
r 


Correct graph is (4). 


Unit-11 : Electrostatics 
Easy Electric Potential 


42. Thepotential of the electric field at any point (x, y, z) is given by: V =3x? + 5, where x, y and 
z arein metres and V is in volts. The intensity of electric field at (—2, 1, 0)m is: 





(1) 7V-m' (Incorrect) 
(2) -17 V—-m`' (Incorrect) 
(3) 12 V-m'! (Correct) 
(4) -12 V—m`' (Incorrect) 

Correct answer: (3) 

Solution: 

E= (Zi ig) 
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=-(6xi +0} + 0k) 
= ~6xi 
z E(-2,1,0) =-6x-2i 
or = E=12i V-m” 


. E=12V-m" 


Correct answer is (3) 


Unit—11 : Electrostatics 
Easy Electric Flux 


43. In the figure given, A and B are two concentric spherical surfaces. 
Given that q, =+1 uC, q, =-2 u C and q, = +9.854 uC and that the 
flux crossing B is four times that crossing A. The value of Q is: 





(1) 8.854uC (Incorrect) 
(2) 17.708 uC (Incorrect) 
(B) 26.562uC (Correct) 
(4) 35.416uC (Incorrect) 


Correct answer: (3) 
Solution: 


The flux crossing spherical surface A is: 


1 
by = os (Charge enclosed by A) 
0 


1 
or 4 = (4 +42 +45) 


0 
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1 

os a (qin HC) 
8.854 

by = @ oo (1) 


1 
Similarly, ®s =—(a +q, +q; +Q) 
0 


= (8.854+Q) 


Eo 


But, Q,=4QA_ (given) 





~. —(8.854+Q) = 4x = 
E€ 
or = =3 x 8.854 
= 26.562uC 
Correct answer is (3) 
Unit-11 : Electrostatics 

Easy Electric Flux 
44. Point chargers of magnitude 2Q and -Q are located at points (—a, 0, 0) and (4a, 0, 0). The 


ratio of electric flux crossing two spherical surfaces A and B of radii 2a and 8a respectively, 
centred at the origin, is: 


(1) 1:4 (Incorrect) 
(2) 1:2 (Incorrect) 
(3) 2:1 (Correct) 
(4) 1:1 (Incorrect) 


Correct answer: (3) 


Solution: 


The situation is shown is the figure. Clearly, 2Q is inside sphere A and both 2Q and —Q are inside sphere B. 
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1 
Now, ®a ==(2Q) a (1) 
0 
1 
Ps = —(2Q + -Q) 
0 
=+(Q) (2) 
Bee 
i ba =2:1 
bp 
Correct answer is (3) 
Unit-11 : Electrostatics 
Average Electric Field due to Charged Sphere 


45. Ata point which is 20cm from the centre of uniformly charged dielectric sphere, of radius 
10cm, the elctric field intensity is 100 Vm“. The elctric field at 3cm from the centre of the 


sphere will be: 

(1) 150 Vm! (Incorrect) 
(2) 125 Vm! (Incorrect) 
(3) 120 Vm! (Correct) 
(4) zero (Incorrect) 


Correct answer: (3) 
Solution: 


R=10cm 





Let Q be the total charge in the dielectric sphere than 
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Ane, 





- =E r =100x(0.2) =4 
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At B, where r=3cm, the field is due to the charge inside the sphere of r= 3cm, which would act as point 


charge (q) at 0. 


4 3 
Now, ae 








The field at B is: 





E,= l ne 
4ne, 1 


21 1 <Q 0-93). 
4re, (0.03) ~ (0.1) Crem 





_ Q 0.03 
4ne, 0.001 





=4x30 
= 120 Vm! 


Correct answer is (3) 
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Unit-11 : Electrostatics 
Easy Capacitance of a Conductor. 


46. Taking earth to bea spherical conductor of diameter 12.8x10° km, its electrical capacitance 
is 


(1) 711 uF (Correct) 

(2) 8ll uF (Incorrect) 
(3) 611 uF (Incorrect) 
(4) 5Sll uF (Incorrect) 


Correct answer: (1) 


Solution: 


The capacitance ofa spherical conductor is C = 4m¢,R , where R is the radius of the spherical conductor. 
Here, for earth, 


R= 12.8x10° 
2 


km 
=6.4x10°m 


Are, 


~ 9x10" 


_ 6.4x10° 
~ 9x10? 


=0.711x10°F 
=711xl0°F 
=711pF 


Correct answer is (1) 


Unit-11 : Electrostatics 
Average Electric Force 


47. Four charges, equal to —Q, are placed at the four corners of a sqare and a charge q is 
placed at the centre of this square. If the system remains in equilibrium, the value of q, in 
terms of Q, is: 
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(1) -2 (22 +1) 
(2) S (14242) 
(3) -2 (202 +1) 


(4) 2 (14292) 


Correct answer: (2) 


Solution: 


For equilibrium, the net force should be zero. Taking —Q at B, we have 


Fyo + Foc + Fon + Fop = 0 





k 
[Fao] = 
(z) 


Q? 


7> 





k kQ? 
[Fac] = F,,|= < 





k 2 
< , at 45° with each other. 





[Foc +Fac|= V2 


KQ? 
(2a) , at 45°, again. 





Now, [Feo] = 


kQ? KQ? 
Fa 


s. |(Fac + Fea )+ Fup|= V2 F. 








For equilibrium, 


[Eo] =|Re +F,,)+Fp| 
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(Incorrect) 
(Correct) 
(Incorrect) 


(Incorrect) 
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kaQ _ zQ? KQ? 
= v2 + 

or a d 2d? 
2 


o q= 


> |O 


(242 +1) 


Correct answer is (2) 


Unit-11 : Electrostatics 
Easy Electric Potential 


48. A metal sphere A of radius ‘a’ is charged to some potential V. What will be its potential if 
sphere A is enclosed by spherical conducting shell B, of radius, ‘b’ and the two spheres are 
connected by a conducting wire? 


(1) zero (Incorrect) 
2) 2v (Incorrect) 
(3) y (Correct) 
(4) v (Incorrect) 


Correct answer: (3) 
Solution: 


Let the charge on A be ‘q’, intially. 





V= 
Then, 4ne a 


or q=(4me,a)V 


B 
When A is placed inside B and connected with wire, the entire charge ‘q’ flows 
out on to the surface of B. Now, A is uncharged and it is inside the B, charged 
to q. 
Now, potential on the surface or at any point inside a charged conductor remains z 


the same. 79 


~<. The potential of A= potential of B, now. 


128 


UDAON 


A program to give wings to girl students 





q 
Vi= 
^ Aneb 
4ne,a)V 
Be p= (4mea)V = ay 
Ane b b 


Correct answer is (3) 


Unit-11 : Electrostatics 
Difficult Electric Potential 


49. A thin disc of radius R is uniformly charged with A charge. The potential due to this disc, at 
a point on its axis and distant R from its centre is 








(1) 0707-2 z) (Correct) 
(2) oe (Incorrect) 
(3) TOR (Incorrect) 
(4) we (Incorrect) 


Correct answer: (1) 
Solution: 
Let P be a point onthe axis of the disc, at distance z from its centre. 


Assuming that the disc be divided large number ofelementary rings, 
each ring will produced a potential of dV at P. Intergration over all 
the dVs will give V at P. 


The charge on one such elementary ring, as shown in the figure is: 








Q 
1 (dq) 
dyv=—__ 4 
Bee? 4ne, d 
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_ 1 2nrdro 
Ane, Vz +r? 


<. Potential at P due to the entire disc is: 





on è 2rdr 


An, l +z’ 


_ 207 


V 








Ane, L 


Pk Re tz —V04 z | 


ATE, 





_ 20m 








4TE, L 


ah [vP Hz’ z| 
4ne,R 





Now, at z=R, 


2 [væ] 


5 4ne,R? 


Q 
~ 4ne,R [¥2-1] 


=070[ Q ) 
TER 


Correct answer is (1) 











Unit-11 : Electrostatics 
Difficult Eelectric Field 


50. A simple pendulum, of length ‘l’, has a bob of mass ‘m’. A charge ‘q’ is given to the bob and 
it is made to execute simple harmonic oscillations parallel to the field lines of a horizontal 
uniform electric field z. If ‘g’ is the acceleration due to gravity, then the time period of 
oscillation of the pendulum is 
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2 (Correct) 
A (Incorrect) 
y T=2m —— . 

i \ y(mg)’ +(qE) (Incorrect) 
p Ten = S 
S \ q° +(qE) (Incorrect) 


Correct answer: (1) 

Solution: 

There are two forces on the bob, as shown in the figure. (i) mg downwords 

(it) qE, horizontally. 

So the resultant force on the bob is F = (mg) + (qE) 

In equilibrium position ofthe bob, this for F will act along the length ofthe 
pendulum. So the pendulum will rest at certain angle from the vertical. F 


Now, suppose the pendulum is disturbed through a small angle g, by moving  ⁄ 
the bob in the plane ofthe electric field, as shown. 


The restoring force developed on the bob will be: 





F’ =F sin Q, directed opposite to S. 
F’ acts on the bob. So when the bob is released, F’ will produce and acceleration, ‘a’, such that F’ = ma. 
+, ma =-—Fsin 9 (—ve sign as the force is opposite to S) 


dS F 


or p= 
dt? 
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or - 


a’s___|(mg) + (4E) (8) 





dt? m 4 
2 qE 
[FE 
d S = m s 
or dt L 


2 


d 2 
This is of the form, = =—0 y for S.H.M. 














Correct answer is (1) 


Unit-11 : Electrostatics 
Average Motion in Electric Field 


51. A small copper ball, of density 8.6 gcm™ and diameter 4 cm, is immersed in oil (an insulator) 
of density 0.8 gem”. This copper ball, of charge ‘q’, just remain suspented in the oil, under 
the effect of an electric field of intensity 2600 Vm" acting in the upward direction. The 
value of q is: (Take g = 10ms~) 


(1) 47.54 mC (Incorrect) 
(2) 43.12 mC (Correct) 
(3) -47.54uC (Incorrect) 
(4) 43.12uC (Incorrect) 
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Correct answer: (2) 
Solution: 


The ball will remain suspended in oil when the force due to electric field balances the apparent weight of the 
ball in the oil. 


”, q(E= Apparent weight 


4 
or qE =z (p-o)g 


Here, Density of copper (p) =8.6 gem” = 8600kgm™ 


Density ofoil (o) =0.8gcm” =800 kgm” 





r= on =7om=7xl0°m 
E=2600Vm"' 
g=10ms~ 


4 22 (7x107)(8600—800)x10 
= x x 
3 7 2600 





= 88x49x10% 
= 4312x10°C 
= 43.12mC 


Correct answer is (2) 


Unit-11 : Electrostatics 
Average Principle of Superposition of Charges 


52. Point charges of value 4u C and —9 u C are placed at certain distance apart in air. A third 
charge ‘q’ is placed, on the line joining these two charges, and at a suitable position, such 
that all the three charges remain in equilibrium. The value of ‘q’ is 
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(1) +36 pC (Incorrect) 
(2) +1.44 uC (Incorrect) 
(3) -36 uC (Correct) 
(4) -1.44 uC (Incorrect) 


Correct answer: (3) 
Solution: 


For equilibrium, there should be two equal and opposite forces on each charge. This condition is statified, 
here, only ifthe third charge ‘q’ is placed on the line joining the first two, outside the two, and nearer to the 
smaller charge. This is shown diagramtically as. 








And the third charge should be negative. 
For charge q to be is equibrium, 











Fa =F, 
Kqx4 Kqx9 
or x? (x+d) 
2_ 3 
rx x+d 
x=2d 


For charge +4 uC to be in equilibrium, 








F= Fg 
Kx4x9 Kx4xq 
or d? = m 
9_ q 
or d? (24) 


<. q=36uC (Negative) 
or q=-36uC 


Correct answer is (3) 
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Unit-11 : Electrostatics 
Average Motion of Charge in Uniform Electric Field 


53. A particle of mass ‘m’ and carrying a charge ‘q’ is kept 

at rest at point A, is a uniform electric field of intensity ——————————> 
E. At time instant t = 0, the particle released from A. 
At t =t, it hits a block at B (AB = x) elastically, and 
charges its direction of motion by 90°, instantly. 
Following a parabolic path BCD, it reaches point D, 
as shown in the figure, at time t = 2t. The speed of the 
particle at D is: 








1 2 
(1) zE (Incorrect) 
2Ex? k 
(2) Ti (Incorrect) 
Eq 
(3) 2 a (Correct) 
i e 
(4) ai (Incorrect) 


Correct answer: (3) 


Solution: 


E 
The electric field will produce a constant acceleration of a = = along the field direction. 


The velocity attained by q at B is: 


y? -042x 
m 
ee ee ee 
m 


After collision, this v become perpendicular to E and hence remains constant (along -j ). But, the 
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acceleration remains the same in magnitude and direction (along ; ). Now, along E-field, the particle again 


will cover x distance in the next t second after collision, as it reaches the point D, following the parabolic 
path. 


|2 E 
Hence, its velocity, will again increases to v (along E-field) where v = 7 x 


Therefore, at D it will have v, =vi-vj 
z. Speed at ‘D’ will be 

Vp =vv +v 

= 2v’ 


2qE 
m 


=,/2x 





x 


_ [Ea 
m 


Correct answer is (3) 


Unit-11 : Electrostatics 
Difficult Electric Field 


54. Two co-axial circular rings of radius R = 10cm each are uniformly charged with Q = JBC 


each. The distance between their centres is such that the centre of one ring, produced by 
the other is maximum. The magnitude of the net electric field at the centre of each ring is 
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(1) 600NC*™ 
(2) 900V3 NC? 
GB) (6+9V3)x10? NC" 


(4) zero 
Correct answer: (1) 


Solution: 


R 
When the field is maximum, the distance * = WA , according to the formula 


KQx 
Rae (xis distance along the axis) 
x 


The field due to the charge on the ring at its own centre is always zero. 


E= 


<. The net field at the centre of one is 


KQx R 
Sar yo 
Ray? where V2 


Here, R = 10 cm = 10x107m 


E =O+ 








Lara cm = 5V2 cm =5V2x107m 
V2 2 








Q=V3nC =v3x10°C 


K =9x10° SI Units 


_ 9x10? x3 x10" x542 x107 
(10x102) T 





net 


_ 9x3 x542 x10” 


(100+50)* x10“ 





137 


UDAON 


A program to give wings to girl students 


(Correct) 


(Incorrect) 


(Incorrect) 


(Incorrect) 
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_ 9x3 x5V2 x10? 


(5 x 6) x10% 





9x43 x5V2 x104 
53 x6xVJ3xJ2 


=600 NC” 





Correct answer is (1) 


Unit-11 : Electrostatics 
Easy Continuous Charge Distribution 


55. A conducting sphere A, of radius 10 cm is charged to 10 u C. Another uncharged conducting 
sphere B, of radius 20 cm is brought is to contact with A and after that the spheres are 
separated to large distance. The surface density of charge on the spheres, now, will be in 


the ratio: 

(1) 1:4 (Incorrect) 
(2) 4:2 (Incorrect) 
(3) 1:2 (Incorrect) 
(4) 2:1 (Correct) 


Correct answer: (4) 
Solution: 


When the spheres are brought to contact, they share the total charge in such a way that the potential of 
both are same. 





A B 

ie. V =V} (after they are brought in to contact). 
IfQ, and Q, are the final charges on the spheres, then 

KQ KQ 
Va = ~ and Vs = = Va Va 

Ta Th V,=V, 

Since V= V} 

Ee 


r, 


A. I 


B 
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2 2 
AmtG, _ ANGOg 


or 
Ta Tg 
Sx _ Ie ye] 
Os Th 


Correct answer is (4) 


Unit-11 : Electrostatics 
Easy Electric Dipole 
56. A dipole consisting of two point charges of —2 u C and +2 u C located at points A (1, 2, 2) cm 
and B (2, 1, 4) cm respectively, is in a uniform electric field of E = (3+ +2k) x10° Vm", 


The magnitude of torque experienced by the dipole is 


(1) 2.772x10° Nm (Incorrect) 
(2) 1.386 Nm (Incorrect) 
(3) 2.7712 Nm (Incorrect) 
(4) 1.386x10° Nm (Correct) 


Correct answer: (4) 


Solution: 


Let the dipole moment be P 
P =(2a) q (2a= distance vector from —q to +q) 


Now, 2a =r, -r, 








= (i-j+2k)x10%m 
q=2uC =2x10°C 
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-P =(2+2j+4k)x10* cm 


E=(31+j+2k)x10° Vm" 





îi j k 
| T=PXE=10°x/2 -2  4|=]i(-4-4)+j(12-4)+k(2+6) |x10” 
3 i 2 


= |-8i+ 8j +8k | x10° 
<. t= =8/3x10° Nm 


=1.386 x10”? Nm 


Correct answer is (4) 


Unit-11 : Electrostatics 
Average Principle of Superposition of Charges 


57. An infinite number of point charges, each of magnitude q = 50 C, are placed along the x— 
axis, at x = 1m, x = 2m, x = 4m, x = 8m, x = 16 m and so on. Consecutive charges have 
opposite sign, with q at x = 1m being positive. The net electric field at the origin 0 has a 


magnitude of 

(1) 6.0x10° NC“ (Incorrect) 
(2) 6.0x10° NC“ (Incorrect) 
G) 3.6x10° NC” (Correct) 
(4) 2.7x10° NC" (Incorrect) 


Correct answer: (3) 


Solution: 


e-a q,4 4,4 | 
Anal 27 47 8 1e 
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q fl 1,1 1 1 | 
4ne,[1 4 16 64 265°" 


q 1 
= CoS a 
Ang, 1-(Z) C7 S=-— for sum of infhite terms ofa GP.) 





l-r 





=9x10x50x10“ x$ 


=3.6x10° NC" 


Correct answer is (3) 


Unit-11 : Electrostatics 
Average Electric Field Lines 


58. The figure shows a few electric field lines for a system of two charges q, and q,, fixed at two 
different points on the x-axis. These field lines suggest that 


i. 
et 


(1) |q,| >|4.| and at a finite distance, to the right ofq,, the electric field is zero. (Correct) 
(2) |q,|<|q.| and ata finite distance, to the left ofq,, the electric field is zero. (Incorrect) 
(3) |q; =lq,| and there no point at which the electric field is zero. (Incorrect) 
(4) |q,| >|4.| and at a finite point to the left ofq,, the electric field is zero. (Incorrect) 














Correct answer: (1) 
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Solution: 


Here, q, is positive and q, is negative as field lines originate from positive change and terminate at negative 
change. Also, more lines are drawn fro q,, indicating that its magnitude is larger as compared to q, in the 
diagram. 








a la| > q2 


Now, for +q, and —q,, the null point, where E =0, is obtained on the line joining the two charges, outside 
than and nearer to the smaller charge. 


Hence field is zero at some distance to the right of q,. 


Unit-11 : Electrostatics 


Easy Surface Charge Density 


59. A uniformly charged thin spherical shell, made of a co-conducting material, of radius R, 
carries a uniform surface charge density of o . It is made of two hemispherical shell,s held 
together by pressing then with force F, as shown in the figure. F is proportional to: 





(1) aor (Correct) 
0 
I. y 

(2) a (Incorrect) 
0 
lo 

(3) z R (Incorrect) 
lo 

(4) z R? (Incorrect) 


Correct answer: (1) 
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Solution: 


According to the principles of homofensity of dimensions, the correct option is the one which has dimensions 
same as that of force i.e. M'L'T?. 


1 Fxr? M,L T”? xL EE E 
= = =M LT “A~ 
Now, + | q | MP? 








2 Iq 7? 
(o"]-|2] \4 | -ATL 
S L 


1) | | =M'PT7*A? xA’ TL xV 
=MLT™ =[F] 

2) + o'r =M'PTAA? xA TL xD 
=MĽT” #[F] 

3) | a =M'PT*A? xA’ T’ L“ xL 
=M'L°T? #[F] 

4) Ea =MIDT*A? xA’ TL“ xL? 


=M'L°T? #[F] 


Correct answer is (1) 
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Difficult Electric Field 


60. A thin semicircular ring of radius ‘r’ has a positive charge ‘q’ distributed uniformly over it. 
The net field E at its centre is: 














q A 

(1) Inet? (Incorrect) 
q A 

2) Aner > (Incorrect) 
-q x 

6) Frer” (Incorrect) 
-q 4 

(4) Inet (Correct) 


Correct answer: (4) 

Solution: 

Consider an element of length q/ at angle 9. 

The charge on this element on this element is dq = Ad? 


dl = rdð 





7. dq = àrdð 


Vv 
dE dE Sin0 


Now the field dE at 0 due to this element is: 


dE = 1 a 
4ne, r 








= Ane, i > as shown in the figure. 
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Resolving dE is to two components, the cos components vanish and sin components 


add-up along (-i) direction. 


ES [dE sin ð (along -j) 





=| 16 ane 
Ane r 


180° 


180° 
=f A sin 0d0=—*_[-cos 0], 




















Aner zo 4ne or 
À 180° À 
= cos®},, = 1-(-l 
re I tae ( ) 
2n 
ee ER L-4 
Aner 2ner” Tr 
q fh 
E=- 
ma 2ner? (i 
Correct answer is (4) 
Unit-11 : Electrostatics 
Difficult Continuous Charge Distribution 
61. A spherically symmetric charge distribution is set-up with the charge density varying 


5 r 
4 R 
is the distance from the centre O of the spherical distribution. The electric field intensity at 
a distance r (r < R), from O is given by: 


according to the expression: Pi.) = P(o) í } upto r=Rand forr>R, Pa) = 0. Herer 


ae -=) 
(1) 36, 4 R (Incorrect) 
(2) a È ) (I ) 
ria ncorrect 

3e 4 R 
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r Per(3 r) 

(3) 4, 3 R (Correct) 
‘Poof (3-2) 

(4) 3e, (3 R (Incorrect) 


Correct answer: (3) 


Solution: 
Consider a thin elementary of radius r and thickness dr. The charge of this shell is: 


dq = p; 4nr°dr 


/ 
5 T 

= =~ — |4nrdr 

Te z) 


_5 2 Po) 43 A 
= geo dr ee dr 
~<. Total charge in the spherical region ofradius ris: 


7 5 r Po), 1 
= | dQ= 4r 4r 
b l Q703 R IG 











E 
Aner Por l3 R 


7 rors =| 
4e, [3 R 


Correct answer is (3) 
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Electric Field and Potential 


62. Three point charges of 2q, —q and —q are located at the vertices of an equilateral triangle. 


At the circumcentre of the triangle. 
(1) The field is non-zero and the potential is zero. 
(2) The field is zero and the potential is non-zero. 
(3) Both field and potential are non-zero. 
(4) Both field and potential are zero. 

Correct answer: (1) 


Solution: 


As shown in the figure, the resultant of fields E,, E, and E, can’t be zero. 


But the potential is: 


k(2a) ką ką o 
d d d 





V=V +V, +V, = 





Correct answer is (1) 


Unit-11 : Electrostatics 


Easy 


(Correct) 
(Incorrect) 
(Incorrect) 


(Incorrect) 


2q 


LAAN 


-q -q 


Electrostatic Potential Energy 


63. Three point charges of 1C, 2C and 3C are placed at the corners of an equitateral triangle of 
side 3m. The work done is bringing these charges closer by 1m, towards each other is: 


(1) 6.6x10"J 

(2) 1.65x10"° J 

(3) 1.8x10!° J 

(4) 3.3x10"°J 
Correct answer: (2) 
Solution: 


The intial and final arrangements are as shownin the diagram. 
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3c 3m 2c 





U = kqıq2 , kq:2q; , kq;qı 
' d d d 





_9x10° 
3 





[1x2+2x3+3x1] 


=3x10°x11J 


U _9x10° 


£ 


xll=4.5x10°x11J 





. w=U,-U, =1.5x10°x11 


=1.65x10'°J 


Correct answer is (2) 


Unit-11 : Electrostatics 
Average 


64. For the rectangle ABCD in the figure, E and F are mid points 


Electric Potential 


<—— óm ——> q 





of side AB and side DC respectively. If q =+10nC, then the I 
potential difference between E and E is: 





AB=CD=6m 
CB =AD=4m 42 
(iy- 12V 
(2) 12V 
3) 15V 
(4) 18V 
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Correct answer: (2) 
Solution: 


The potential at point E is 


vasge y% 3 





3 3 5 5 








-xaf 123ta) 




















1 1 
=kq| —+-—+—+-— 
‘Grae 
-kq 154046) 
30 
22 
=kq| £ 
E =| 
26-22 4 
< Ve V = kal 30 RG 


-9x10 x10x10° x 
30 


=12V 


Correct answer is (2) 


Unit-11 : Electrostatics 
Difficult Electric Potential 
65. Along straight conducting wire is uniformly charged with density of +10 mC per metre. A 


point charge of +2 .C is released at a perpendicular distance of 10 cm from this wire. 
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Kinetic energy of this charge, when it has moved through a distance of 10cm, under the 
field of the charged wire is: 


(1) 249.57 J (Correct) 
(2) 108.37 J (Incorrect) 
(3) 360.03 J (Incorrect) 
(4) 0.25 J (Incorrect) 


Correct answer: (1) 

Solution: 

The kinetic energy of the particle at 4 = 20 cm, when released at r = 10 cm is: 
K.E.=qV : 

Where V is the decrease in potential between these two points. O 


r=20 


Now, V= f Edr= | Ede 
10 


+4 





r=10 st —P 
t - kee 

20 +| 10cm q 
2kr 20 2kr + 

=V = | =ar = 2kà flog. rjo Hen 4 len 
10 4 
by 
20 : 


= 2kù x 2.303 10g, (>) 


=2x9x10° x10x10™ x 2.303 x 0.3010 
=12.477654 x10’ volt 

<. KE=qV 
=2x10°x12.47765x10’ 


= 249.55 J 


Correct answer is (1) 


150 


UDGAN 
Unit-11 : Electrostatics 
Difficult Principle of Superposition of Charges 


66. Ten positively charged paritcles are kept fixed on the x—axis at points x = 10 cm, 20 cm, 30 
cm and son on up to x = 100 cm. The first particle has a charge of 1.0x10-°C, the second 
8x10-°C, third 27x10-°C and so on. The tenth particle has a charge of 1000x10*C. The 
force on 1C of charge placed at the origin due to these ten charged particles is: 


(1) 4950N (Incorrect) 
(2) 495 Kilo newton (Correct) 
(3) 4.95x107N (Incorrect) 
(4) 495N (Incorrect) 


Correct answer: (2) 


Solution: 


F =F, +F, +Fyt--F 


010 





2 2 
y g r 


3 


— do G1, G2, 43 . dio 
Ane, : 


1x10 8x10" 27x10" | 1000x10* 


(0.1) (02! (037 ~~ (iy 





-0x10| 





=9x10 x10°[1+2+34 


t 
A 
+ 
2 
© 

(e 


=9x10° x[55] 
=495x10°N 


= 495 Kilonewton 


Correct answer is (2) 


Unit-11 : Electrostatics 
Easy Electric Field 


67. A charge of Q is kept at common centre O of conducting shells x and y in the figure. Charge 
of 2Q is given to x and 3Q is given to y. The net charge enclosed by the imaginary spherical 
surface z (represented by dotted line) is: 
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(1) Q (Incorrect) 
(2) 3Q (Incorrect) 
(3) 6Q (Incorrect) 
(4) zero (Correct) 


Correct answer: (4) 

Solution: 

As the spherical surface z is inside the material of the conducting shell y, E =0 at all points on it. 
Hence flux crossing z is zero. 

Therefore totalcharge enclosed by it also in zero. 


Correct answer is (4) 


Unit-11 : Electrostatics 
Easy Capacitor 


68. A network of six identical capacitors, each of value C, is made as given in the diagram. 


CEAL 


The equivalent capacitance between A and B is: 





(1) < (Incorrect) 
2) £ (Incorrect) 
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(3) + (Incorrect) 
(4) < (Correct) 


Correct answer: (4) 
Solution: 


The given network can be re-drawn as below. 


[rel I 
LT 


. PD 
a 





or 
B = A— e 
4c 
3 
Correct answer is (4) 
Unit-11 : Electrostatics 
Average Capacitor 


69. In the figure below, the charge on the 4 u F capacitor is 24 uC. 


4uF 


SF 
3.6uF 
—— 
V 6uF 
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The potential difference (V) across the source is: 





(1) 10 Volt (Incorrect) 
(2) 20 Volt (Correct) 
(3) 23.3 Volt (Incorrect) 
(4) 46.6 Volt (Incorrect) 

Correct answer: (2) 

Solution: 

C =4uF and Q =24uC P C, 

v =Q% vot E" 

CIC, = 1+5=6uF = 

Since 6 uF is in series with C,, charge on 6 u F (1||5) is 24u C. l: | - 


24 
-. Potential difference across 6HF = rn 4Volt. 


4x6 
C, ~(C, IC,)=7 = 24 uF 


Charge on this 2.4 u Fis 24 uC. 


24uC _ 


<. Potential difference across this combination is 2.4uF =10V 


Therefore potential difference across the 3.6 u F capacitor is also 10 V. 


Now, 2.4 uF and 3.6 uF are in parallel. 
<. [C, ~C, || C,] || C, =2.44+3.6 = 6 uF 


With a potential difference of 10 V. 


Now C, =6 uF is in series with the above combination of 6 u F. Hence the potential difference across C, 
is also 10 V. 


z. Source supplies a potential difference of 
V=10V+10V 
=20V 


Correct answer is (2) 
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Unit-11 : Electrostatics 
Average Capacitor 


70. Four identical capacitors are connected together as shown in 
the figure. A battery of 6 V is connected across A and B. If the 
energy stored in the combination is found to be 4.5u J, each A 
capacitor is of capacitance. 


(1) O.1uF (Correct) 
(2) 0.625 uF (Incorrect) 
(3) 1.0uF (Incorrect) 
(4) 5.0uF (Incorrect) 





Correct answer: (1) 


Solution: 
1 2 
U= z CV 


2U _2x4.5x10% 9 
v? 6x6 36 


9 [e 
C 


Now, the above combination can be re-drawn as shown. 


z G x10°F 





: a G 
Hi: eas A 


0.1C 





E3685 10 


Correct answer is (1) 
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Unit—11 : Electrostatics 
Easy Capacitor 


71. A10uF capacitor is charged to a potential difference of 1000V. The terminals of this 
capacitor are disconnected from the power supply and then connected to the termainals of 
an uncharged 6u F capacitor. The final pontential difference across each capacitor and the 
the energy lost by sharing of charge, between then, are respectively. 


(1) 266.6 V and 2.637 J (Incorrect) 
(2) 625 Vand 1.875 J (Correct) 
(3) 250 V and 2.637 J (Incorrect) 
(4) 750 V and 1.875 J (Incorrect) 


Correct answer: (2) 


Solution: 


Common potential= Č FG 





_10uFx1000V +0 
~ (10pF +6 uF) 


= 625 V 


1 CC 2 
Energy loss = IC +c, 1-2) 








1 10x6 
x 


== 1000-0)" uJ 
2 T. L 


-15x105 x10°J 
8 


= 1.875 J 


Correct answer is (2) 


Unit—11 : Electrostatics 
Average Capacitor 


72. Allthe capacitors in the figure have the same capacitance of C each. The cell has emf V. 
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The total charge stored in the combination is: 


1 


QM | CV (Incorrect) 
3 

QF CV (Incorrect) 
1 

(3) A CV (Correct) 

(4) 2CV (Incorrect) 


Correct answer: (3) 
Solution: 


The combination can be re-drawn as shown. Since the three capacitors in the middle have no potential 
difference across, than, q = 0 for each of then. 


The other two are is series with V. V 
n Coe = = fl ~*~ 
A “IN /¢ 
and Q=C,,xV 
=loy 
2 
Correct answer is (3) 


Unit-11 : Electrostatics 
Average Capacitor 


73. Keeping other relevant parameters constant, which of the follwing plots is / are incorrectly 
drawn, in case of a capacitor. (Notation have usual meaning). 
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C 


p 
Vv. 


F 
(between 
the plates) 


(1) (c) and (e) 

(2) (b), (c) and (d) 

(3) (d and (e) 

(4) (b)and(e) 
Correct answer: (1) 


Solution: 
u-lov: 
@ U=; 


. UaV’ 


Graph of U vs V is parabola (Correct). 


N 
Z 


(e) 


(Correct) 
(Incorrect) 
(Incorrect) 


(Incorrect) 
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(o) 


(d) 


(e) 


Correct answer is (1) 
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C= Ag 
d 
c 
Ca l 
d 
Graph is correct d 
C =KC, where K cannot be less than 1. 
A 


So, C a K, but intercept should be C,. 


Graphis incorrect. 


T 
a 


U =Ux(Ad) 
(at origin) 


U=28,E? (Ad) 


2. UaE’ 


7 


Graph is correct. 


fo} 
ie 


2 
pa): 
2A 


. FaQ? F 


So graph has parabolic bending towards F-axis is incorrect. 


Ñ 


Unit-11 : Electrostatics 


Average Dielectric 


74. 


C, V, Q, U and E are respectively the capacitance, potential difference, charge, energy 
stored and inside electric field intensity of a parallel plate capacitor, which is connected to 
a battery. Now a material of dielectric constant 5 is filled between the plates of the capacitor, 
without disconnecting the battery. The new values of the above quantities are: 


(1) SC, 5V, 5Q, 5U and 5E (Incorrect) 
(2) SC, V, 5Q, 5U and E (Correct) 
(3) SC, V, 5Q, U and E/5 (Incorrect) 
(4) 5C, V, 5Q, 5U and E/5 (Incorrect) 
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Correct answer: (2) 
Solution: 
Both the cases are represented in the diagram. 


(i) | Capacitance increases to KC = 5C 


(ii) V remains same as the potential difference of the battery. V = V 


(ii) Charge=CV=Q0 
New charge is 5 CV = 5Q 


(v U= Zov? =U 


laa 
New U, =55CV° =5U 


(v) If Eis the field inside, than 
V =EdorE=V/d 

Now, V and d reamin the same. 

z. Eis same in both cases. 


Correct answer is (2) 


Unit-11 : Electrostatics 


Easy 





Electrostatic Force 


75. Two positive ions, each carrying a charge ‘q’ are separaated by a distance ‘d’. If ‘F’ is the 
force of repulsion between the ions and ‘e’ is the magnitude of electronic charge, the number 


of electrons missing from each ion is: 





a 4né F 

veer 
Ane,Fd? 

a 


4ne,Fe? V“ 
w 


(Incorrect) 


(Incorrect) 


(Incorrect) 


UDAON 


A program to give wings to girl students 


4ne,Fd? V“ 
=a (Correct) 


Correct answer: (4) 


Solution: 
qı =q, =q=+ne 


1 qq 


Ane, d? 


o1 (28)(0e) 
Ane, @? 





> 4ne,Fd? 
n= 


e? 


Ane Fd? 
or n=,/—.— 
\ E 


Correct answer is (4) 


Unit-11 : Electrostatics 
Easy Electric Dipole 


76. The dipole moment, of a deuteron and an electron, separated by a distance of 1.6 femtometre 
is: 


(1) 4.096x10-** cm (Incorrect) 
(2) 5.12x10*%cm (Incorrect) 
(3) 8.192x10** cm (Incorrect) 
(4) 2.56x10*4 cm (Correct) 

Correct answer: (4) 

Solution: 

P=q (2a) Electron Deuteron 

Here q = e = 1.6x10-C © tom 46° 


2a= 1.6 femtometre 
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= 1.6x10 5m 
z. P=1.6x10" x1.6x107° Cm 


= 2.56x10 Cm 


Correct answer is (4) 


Unit-11 : Electrostatics 
Average Capacitors 


77. A series combination of n, capacitors, each of value C, is charged by a source of potential 
difference 4V. In another case, a parallel combination of n, capacitors, each of value Cc, is 
charged by a source of potential difference V. If both the combinations have same total 
energy stored, then the value of C, in terms of C, is: 





(1) ae (Correct) 

(2) = (Incorrect) 

(3) a (Incorrect) 
1 

(4) ooh (Incorrect) 


Correct answer: (1) 


Solution: 
C 
. C ai | 
For series, “s n, 
and V = 4V 
1 1C 2 
~ U, =-C.V? =- (4V 
a 2n (4V) 


1 

For parallel, C, = n,C, 

and V=V 
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. Us =iC,V= zmGV" 


But, U, =U, 


1C, 2 1 4 
<. ——(4V) ==n,C,V 
TA ) 20? 


_16C, 


or C, 
nn, 


Correct answer is (1) 


Average 
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Unit-11 : Electrostatics 


Electrostatic Potential Energy 


78. Three identical charges, each of 2 uC, are placed at the vertices of a triangle ABC. If 
AB+BC = 12 cm and AB.BC = 32 cm’, the potential energy of the charge at B is: 


(1) 1.53 J 

(2) 5.315 

(3) 3.15J 

(4) 1.35J 
Correct answer: (4) 
Solution: 


Given, 


(Incorrect) 
(Incorrect) 
(Incorrect) 

(Correct) 


AB + BC = 12 cm and AB.BC = 32 cm? ae 


Now, (AB— BC)? = (AB + BC} — 4 AB.BC 


= 144-128 
= 16 cm? 


<” AB- BC =4cm 


Hence AB = 8 cm, BC =4 cm 


The potential V at B is: 


1 1 
Vek + 
algae aed 





4cm 


8 cm 


Ad 
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_ 9x10" x2x107° 


- x3 
8x107 


aot x10” Volt 
4 


Now, U=qV 


=2x10%x=2x10°J 


= 210 F=1.35 5 


Correct answer is (4) 
Unit-11 : Electrostatics 


Easy Electrostatic Charge 


79. Two bodies A and B carry charges of —3.00 uC and —0.44 uC respectively. How many 
electrons should be transferred, from which one to which, so that they acquire equal charges? 


(1) 8x10'8, from A to B (Incorrect) 
(2) 8x10”, from Ato B (Correct) 
(3) 8x10", from Ato B (Incorrect) 
(4) 4x10", from Ato B (Incorrect) 


Correct answer: (2) 
Solution: 
Ahas higher negative charge and so electrons should be transferred from A to B. 


Let n be the number ofelectrons transferred to make the charges equal. 





“. —3.00+ne =-0.44-ne (in uC, where e = 1.6x10° 8 u C) 
or 2ne=2.56 (in uC) 
i 2.56 
. n= 
2xe 
2.56 


sm jC 
2x1.6x107" j 
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= 0.810" 
= 8x10” 
Correct answer is (2) 
Unit-11 : Electrostatics 
Average Electrostaic Force 
80. Two identical helium filled balloons A and B, charged with ‘q’each A Gi B 
and fastened to a body of 60g, by threads of length 5cm each. Float {77 q 
in air in equilibrium, as shown in the figure. If the seperation between a 
the two balloons (assumed spherical) is 6m, the charge q is: (Take g 5m am 
=10 ms”) 
(1) 30uC (Correct) 
(2) J1.5x10°C (Incorrect) 
(3) 15uC (Incorrect) 
(4) 45uC (Incorrect) 
Correct answer: (1) 
Solution: 
At equilibrium p= me 
wo 5 
3 3 
: mg <- e A FAR 
Tsin@=Fe, Tcos0=—> F 3 T Sin 0 4 
; l 
T TCos@ T wol 
“. tano =£ A 
mg | 
60 g 
2 
tan0=3; Fe= “4 ; mg = 60x10" x10 mg 
3 kq? 1 _ 2x9x10’ xq’ 





: 2x—x 

4 6 60x10°x10 6°>x6x10" 
~ gq? =0.9x10° =9x10°° C? 
q=3x10°C=30nC 


Correct answer is (1) 
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Unit-11 : Electrostatics 
Average Electric Dipole 


81. A dipole of very small length and dipole moment P = 5x107 cm, lies at the origin along the 
positive x—axis. A point A is located at (3, 4) m. The magnitude of the electric field, of the 


dipole, at point A is: 

(1) 36NC! (Incorrect) 
(2) 36V13 NC" (Incorrect) 
(3) 14.4V13 NC" (Correct) 
(4) 14.4452 NC" (Incorrect) 


Correct answer: (3) 


Solution: 


E =P 4300576 
r 





_9x10x5x107 J, a3) 


(5) 2 


=7.2x5 }25+27 
25 


=7.2x2V13 


=14.4/13 NC" 








Unit-11 : Electrostatics 
Difficult Electrostatic Potential Energy 


82. The electrostatic energy of a nucleous can be considered as the work done against 
electrostatic forces in assemblying the z protons in a sphere of radius R. 


Therefore the electrostatic energy assocaited with a nucleus is given by: 


ze 
(1) 4ne,R (Incorrect) 
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ze 

2 

(2) Ane,R? 
3 ve 

(3) 5 4m¢e)R 
re 

(4) Bme, R 


Correct answer: (2) 
Solution: 


The uniform density of charge in a nucelus is given by: 





We regard the nucleus as a sphere having a uniform charge distribution. 
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(Correct) 
(Incorrect) 


(Incorrect) 


The work done to increase in radius of sphere r to a sphere of radius r + dr is given by work done in 
bringing charge dq present in a spherical shell of thickness dr from infinity to r against the charge on sphere 


ofradius r. 





<. dq =px4nr'dr 


(or dq = 4rr’dr = [3 z ar 
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2 
r°dr 





. $ 3ze 
~U=f - 
9 ATER 


3 re 
5 4me,R 





or 


Correct answer is (2) 


Unit-11 : Electrostatics 


Difficult Electrostatic Potential Energy 


83. A conducting sphere of radius R is having a surface density o . What is the energy stored 
in the surrounding space due to this charge distribution on conducting sphere? (The charge 


on the sphere is denoted by q) 











aa 
© tap 
D a 
(4) we 


Correct answer: (1) 
Solution: 
Let us consider a point P at distance r from the centre of the sphere (r >R) 


The clectric field at P is give by 





1 
E=— 4 
4ne, r 


Let the energy density at this point P is given by 


1 1 : 
u= eE? =e L > 
2 2 ° 16ne? 
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(Incorrect) 


(Incorrect) 
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The energy lying in a spherical slab formed between two concentric spheres of radii r and r + dr is 


uà4nr’dr denote this energy by dU we take 


2 


dU =4r0’dr —2 


BTE, RT 





32n’e,1" 


_ gq fdr 





2 





E 8rE,R 


Correct answer is (1) 


Easy 


Unit-11 : Electrostatics 


Dielectric 


84. A polar dielectric is placed in a external field E,. Which of the following statement is correct? 


(1) 
(2) 


G) 


(4) 


The external field E, will not effect the dielectric in any way what so ever. (Incorrect) 


The external field will allign all the atoms and molecules of the given dielectric in its own 
direction. (Incorrect) 


The dielectric will be have as if it is equivlent to a large number of tiny dipoles situated in 
vaccum. (Correct) 


The dielectric will behave as if it is equivalent to a large number of tiny dipoles situated in the 
material of dielectric. (Incorrect) 


Correct answer: (3) 


Solution: 


A polar dielectric has a built in dipole moment. In the absence of an external field these dipoles are orineted 
complete by at randomly. The net dipole moment associated with any macroscoping small volume element 
is zero. When an electric field is applied there is is a small induced dipole moment and also a torque is 
exerted on all permanent dipole and the field tends to allign the dipoles in its own direction. Thermal motion 
tends to oppose this alignment so that at given temperature some alignment in the direction ofthe field is 
produced in equilibrium condition. Due to this aligment there is now some net dipole moment associated 
with each macroscoping small element of the dielectric. Hence a dielectric placed in an external field can be 
considered as equivalent to a large number of tiny dipole stituated in vacuum. 


Correct answer is (3) 
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Unit-11 : Electrostatics 
Easy Dielectric 
85. Inthereaction P=¢,x,E 
For a linear dielectric, while of the following statement is correct P. 
(1) E stand for external field of any value in which the dielectric is placed. (Incorrect) 
(2) E stand for external field of very large values in which the dielectric is placed. (Incorrect) 


(3) E stands for the field produced by dipoles to which a give dielectric is equivelent to. 
(Incorrect) 


(4) E stands for the vector sum of the external field and the secondary field produced by dipoles 
to whicha given dielectric is equivalent to. (Correct) 


Correct answer: (4) 
Solution: 


The statement (4) is established by experiment. 


Unit-11 : Electrostatics 


Average Dielectric 


86. If, stand for the permitivity of vacuum, and £ the permitivity ofa given dielectric, which 
of the follows relation is correct? 


(1) P=<E (Incorrect) 

(2) P=(e-e,)E (Correct) 

3) P= - = k je (Incorrect) 
E 

(4) P= (=) E (Incorrect) 


Correct answer: (2) 


170 


Solution: 


We have, 

D=¢,E+P 

or D=e,E+e@,x,.E 
=€,E(1+x,) 


Now, €=&,(1+x,) 


D=sK ss (1) 
P=ex E a. (2) 
ese (ltr) ais (3) 


From equations 1, 2 and 3 we obtain. 
P=(e-¢,)E 


Correct answer is (2) 
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UNIT-12 : CURRENT ELECTRICITY 


Learning Objectives 

After going through this, unit you will be able to understand, appreciate and apply the following concepts: 
e  FElectrical energy from different type of the cells. 

e Meaning ofemfand the essential difference between emf and terminal potential difference. 
e Current and sign convention for the current. 

e Drift velocity and the physics of the Ohm’s law. 

e Concept of resistance and its variation will temeperature. 

e Combination of resistance in series and parallel. 

e —_ Joule’s law and the concept of electrical power. 

e Kirchoff’s laws for circuit analysis. 

e Wheatstone bridge: its practical form the meter bridge. 


e The principle and applications of potentiometer. 
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Current Electricity 








Electric Drift Resistance 
Current Velocity 


Resistance in Ohmic & Series and 5 
Different Non-ohmic Parallel Resistivity 
Materials Resistance Combination 


Electrical Energy 
& Power 


Temperature 
Dependence 


Potentiometer 








Kirchoff’s 
Laws 


Electrical 
Cell 


Whceatstone 
Bridge 






Applications 





Meter Bridge 


Potential Series & 
Difference Parallel 
& E.M.E. Combination 





Principle 


Applications 


Internal 
Resistance 
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Electric Current 


It isa well known fact that the electron is an atomic particle carrying a negative charge. Electrons can be 
detached from the atoms of certain elements quite easily. If we connect a conductor to something which 
supply or absorb charge as required to maintain a applied electric field (cells, batteris etc.), this maintained 
field than can act on the free electrons in the conductor and will give them a resultant motion in a 
direction opposite to that of the field. Charges in motion constitute an electric current. Ifa net charge 
q passes through any cross section of the conductor in time t the average current is given by. 


1=4 
t 
When equals quantities of charge q passes a given cross section of the conductor in successive equal 


interval time of t. The current I is said to be constant in magnitude or STEADY. 

In general the rate of flow of charge with time is not constant and the current varies with time. It is then 
given by differential limit viz. 

dq 

dt 


I= 


The current I is the same for all cross section ofa conductor even though the cross sectional area may be 
different at different points as there can be no continued accumulation of charge at any point along the 
conductor. 


Figure shows a portion ofa wire in which there is a field towards the left and consequently the motion of the 
free electron towards the right. Let the electrons move witha constant drift velocity v (discussed later in 
the chapter). Then in time there dt each advances a distance v t. In this time the number of electrons 
crossing any place suchas shaded is the number contained in a section of length v t or volume Av t where 
A is the area of cross section of the wire. Let n be the number of free force electrons per unit volume. Then 
the number of electrons crossing the plane in time dt is nAv, dt and if e represents the clarge of each 
electron, the total clarge crossing in time dt is 


dq = neAv dt 


d 
Hence the current I = a =neAv, 
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The Direction of a Current 


A logic way to define the direction ofa current is the direction of motion of free electrons. However in 
electrolytic and gaseous conduction, the current is due to the motion of positive and negative ions. Historically 
the sign convention for the current was defined taking positive charge carriers as current carriers. Since 
these would be a incosistancy whether we define a sign convention taking positive or negative particles as 
charge carriers we continue to work with historical sign convention. In conductors the free electrons move 
in the opposite direction to the conventional current. Ifrequired we can label the current flowing in a 


conductor due to the motion of free electrons as Electronic Current. 


Resistance: Proper understanding of resistance is possible only through Ohm’s law. Qualitatively speaking 
resistance ofa material is a measure ofits ability to resist the flow of electricity through it. 


Ohm’s Law 


Verified experimentally Ohm’s law states that the current flowing through a conductor is proportional to the 
voltage V across its ends when its physical conditions (temperature etc.) remains unchanged Expressed 


mathmatically we can write. 


V ; 
T =R (Constant of proportionally) 


The constant R is knownas the resistance of the conductor. 


Ohm’s law, a experimental law is valid only for metallic conduction. We now know that there are quite a 
number of substances (e.g. semi conductors) for which Ohm’s law is not always valid. For such cases the 
current voltage graphs are not linear. We illustrate this piont by showing the plot of current voltage graph 


for some interesting cases: 


Saturation 
Region 


— +H 





—>V 
Gas Discharge Tube 


— V 
Thermionic Diode 
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Current in 
mA 


3H 


—V 
Thermistor 


Function Diode 


Electrical Resistivity 


The resistance ofa conductor depends on the nature of its material, its shape and size, Simple consideration 
show that the resistance of wires ofa given length increases in direct proportion to their length and for wires 
ofa given area of cross section the resistance increases in inverse proportion of their area of cross section. 


We thus have, 
ReoL and Ræ L 
ocL an A 


L 
R=p— 
= Pk 


p is aconstant characterstic of the material and is known as resistivity. 


Colour Code for Resistances 


Resistances are an integral path of practically all electrical and electronic circuits. The values of resistances 
needed in different circuits very over a wide range and for convenience a colour code has been developed. 


The colour code works as follows: 


1. We associate a colour with each digit 0, 1, 2, .....9. These colours and associated digits are given in 
table below: 


Brown Yellow | Green | Blue | Violet | Gray | White 
2 





Associated 1 3 4 5 7 
Digit 


2. There are three colour bands on each resistance to indicate its value. The first two bands from one 
end indicate their corresponds digits while the third band colour gives the power often with which 
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the number obtained by first two colours must be multiplied to get the resistance value in ohm. For 
example ifa resistance has three colours as yellow, orange and blue, the resistance value is 43 x 10°Q.- 


3. In addition to the above colours, two additional colours - SILVER and GOLD are also used. When 
used as fourth colours band they indicate the TOLERANCE or percentage realibility in the value of 
the resistanc obtained. 


A silver band implies a tolerance of 10% while a gold band implies a tolerance of 5%. 


4. Silver band used as the third band indicate a multiplier value of 10° while a gold band used a s third 
band indicate a multiplies value of 107. 


Physics of the Oh’m Law 


Ohm’s law relate the current flowing ina conductor with the potential difference across its ends. We know 
that current is a flow of free elctrons under a maintained field. This could imply that free clarges in a 
conductor should continuously get accelerated which imply that the current should go on increasing with 
time. However only a stready current governed by Ohm’s law flows. This implies that in a conductor, a 
constant electric field produces a constant velocity, a contradication of Newton’s second law. Let us try to 
understand the reason for this observed behaviour. 


We note that an electric field exerts a force n eE ona free electron of charge e. This force gives; the 
electron an acceleration ‘a’ in the direction of the field where 


eE 
a=— 
m 


Now the electrons in a metal at any temperature are, by themselves, moving will fairly high velocities that 
are randomly distributed. Hence the average velocity of any free electron in the direction of the field, at the 
instant the field is switched on is zero. The field imports the electron an acceleration in its own direction 


eE 
where a=| — 
m 


However this acceleration lasts but for a short time as the electron on its way encounters the metalions that 
are vibrating about their mean position. Since the magnitude and direction ofthese ions vibration at the 
instant of collision can have arbitrary value, they will produce a random deflection in the path of the 
electron when it undergoes a collision with one ofthese. On the average these random collisions ofthe free 
electron may occur after a time q so that the velocity ofthe electron in the direction ofthe field just before 
a collision is 


eErt 
v=0+at = — 
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This additional velocity imparted by the field to a freely and otherwise randamly moving electron is known 
its DRIFT velocity. After the collision the electron may again be deflected in any random direction so that 
as we can assume that the (average) distribution of free electtron velocities after a time t is the same as it 
was before the field was applied. Each collision causes the electron to loose the energy it gained from the 
field back to the atoms or ions with which it collided (cause for heating effects of current). Now the drift 


eEt : . i 
velocity just before and just afer a collision are pm and zero respectively. Hece the average drift velocity 


1 
ofthe electron is Va = PEI = 





-1eEt_ le y 
2 m 2m L 


d 


Ifthere are n free electrions per unit volume the current flowing in a conductor is given by 


I= ne Av, 





M I-nea l eTy lnet v 
2mL 2 m (%) 


V V 


Putting, E wehave E A 5 
ing, P net we have P) R 





which is Ohm’s Law 


t is known as the relexation time. 


Effect of Temperature on Resistance 


We have seen that the resistivity p is inversaly proportional to relaxtion time. The frequency of collisions us 
depends upon: 


1. The extent of randomness in the arragement of ionic and atomic sites on the lattice of the given 
material. 


2. The temperature ofthe given substance. 


An increase in temperature will cause the ions and atomc to vibrate with a greater amplitude about their 
mean position and will increase the frequency of collisions. Hence a rise in temperature cause q to decrease 
and therefore resistively p to increase. We thus expact a rise in resistivily with increase in temperature. 


For quite a few substances, the increase in resistively with temperature is a linear one and we may write a 
relation of the form. 
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P, =Po (1+ at) 


P: =Po 
Pot 





where we define q as & = 


a is the known as the co-efficient of resistivity and its units are ° Ç~! . 


However the variation ofresistivity with temperature is not linear for all type of substances. Even for 
metals, the resistivity increases as a higher power of T at low temeperatures. 


For insulationis and semi conductors, the resistivity increases exponentially with decreasing temperature, 
the variation being expressed by a relation of the form. 


kT 


p(T)= p(en =] 


Here Po (T) is a factor that varies slightly will temperature, k is the Boltzman constant and E, is the 
positive energy known as GAP ENERGY. 


It follows that the resistivity of insulators and semi-conductors becomes very large at low temperatures 
tending to infinite large values at T — 0. On the other hand for metals resistivity tends to zero as T — 0. 


Super Conductors 


The property of metals of getting currents flow through them without practically any oppositionas T — 0 

is knownas super conductivity. For metals the transtion from their normal resistivity behaviour to a zero 
resistance state occurs at a particular low temperature charaterstic of the metal considered. A substance in 
a zero resistance state is reffered as a super conductor. Recentally it has been observed that some substances 


acquire this super conducting behaviour at relatively higher temperature (~ 10°K) for Nb and 
90°K for Y Ba,Cu,O, 


Super conductors are finding many interesting applications in technology. Some of the prominent applications 
include. 


1. | Super conductor electric power transmission lines with no power loss due to heating may soon 
become a possiblity. 


2. | Super conductors may be used to product very high speed computers. 


3. Powerful magnets made with superconducting coils are being used. 


179 


UDOON 


A program to give wings to girl students 


Example-1 : 


V-I graph for ametallicwireat temperatures T, T,, and T, are shown in the figures. Which of 
temperature is highest among the three? 


Solution: 
1 
The slope of a I-V graph is equal to R 


1 
Hence R ==——— 


Slope 
Since the slope ofthe graph corresponding to T, is having the least 
value the therefore the resistance of wire at temeprature T, is 
greather than T, or T . As resistance increases with temperature 
so temperature T, is greater than T, or T,. 











Resistance in Series and Parallel 


Sereis Arrangment: When two or more resistance are joined in such a way that the second end of the 
first resistance is connected to the first and of the second resistance and so on as shown the resistance are 
said to be connected in series. 


Inseries arrangment the current flowing through all the resistance is the same. Thus 


or o V =I(QR,+R+Rt.......R) 


V, 
‘a =R; =R, +R, +R; tere R, 





Parallel Arragnment: When two or more resistances and joined in such way that the first ends ofall are 
connected to one common point and second ends ofall connected to a second common point, the resistance 
are said to be joined in parallel. 


In parallel arrangment the same current should leave the end 2 as enter at the end 1. 


Hence LL51 +L +L +... 
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The voltage that impresses itself on the side 1 of each resistor has be the 
same. Since the voltage must equalize itselfall branches on the left side of R, 
parallel arrangement. 








1 2 3 
V. V, V. 
Now, == isa 1, = +and so on 
Tr 1 2 
I= Meat +EH. Vr 
Ry 1 2 R, 
|e ee eee eae 
or R, RRR, kes 
Example—2 : 


Determine the equivalent resistance of the following networks. 





5R 
Solution : (b) 
We can regard the network ofFig. (a) as a series combination of four 
resistances in the form ofnetwork as shown xQ xQ 


This can further be oo as shown. 


BP MSR T 2y 2y 


It is clear that the effective resistance ofthis networks is — = — + A = 2y +2x 
r, 2x 2y 4xy 








4xy 2xy 
ran N s20 
i 2(x+y) x+y 
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Hence the total effective resistance of the given network is given by: 


R = 4 GY) _ By 
z x+y x+y 


The network of figure (b) is simply a series combination of 5 resistances each of value 5 Q . Hence the 
effective resistance of this network is R „p =5x5 = 25Q. 
Example-3 : 


Find the equivalent resistance between points a and b for the combination shown in adjoining 
figure. 


3 





Solution : 


The 3Q and 2Q resistors are in series and are equivalent to a 5Q resistor. This equivalent is in parallel 


with the 6 Q and their equivlent is given by 








So a Q e LBO 
— 3 $= 02040167 0.3870 9 
R' 5 6 
1 
~ R'=—— =2.730 
0.367 


The 7Q and 2.73Q resistors are in series and the 





their equivalent is 9.730. 
Now 5 Q,12 Q and 9.73Q resistance are in parallel. 
Let their equivalent be R”. The 


l E } ! 0.386 
R" 5 12 973 
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Ris 29.60 


0.386 
Finally 2.6 resistor is in series with the 9 Q resistor. Hence the equivalent resistance of the combination 
is given by9.0+2.6=11.60 


Example—4 : 
Find the effective resistance between points A and B in the circuit diagram shwon in Fig. 





Solution : 


Fig. shows successive reduction of the circuit. 
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F 
j 
S P 62 
= a oe — 20 
= = =o o 
30 A B 
i 
A 30 B A = z À B 
(f) (g) (h) (i) 


It is clear from Fig. that the effective resistance between points A and Bis 2Q. 


Electric Cell 


The simplest device to maintain a current in an electric circuit is the electrolytic cell. In this type of cell the 
chemical energy of a reaction is converted into electrical energy. The electrods in a simple volticcell are 
copper and zinc with dilute sulphuric acid as electrolyte. The action ofa simple voltate cell can be understood 
as follows. At the zinc electrode Zn atoms are ionized and pass into solution as Zn** ions leaving behind 
two electrons on each electrode. For each Zn** ion formed two H,,” ions are discharged at the copper 
electrods taking two electrons from it. The action continue as long as electrons can pass from zinc to 
copper through some piece of metal. 


The simple voltic cell has two main defects viz (s) local action and polarization. 
Daniel cell, Leclance cell and Dry cells are example of Primary cells. 
Lead accumulator and alkali accumlator are exmaples of Secondary cells. 


We can now directly convert the energy of light into electrical energy by using solar cells. The action of 
solar cells depend on proparties of semiconducting materials. 


In nuclear cells the energy of B particles given out by radioactive watt 
materials in converted directly into electrical energy. f 


e.m.f. of a Cell 


We know that electrostatic field is conservative in nature i.e. 
Ear =0 p 


Hence electrostatic field by itself is incapable of esatablishing a 
current in a closed circuit. It follows that for the maintanance of 
current in a closed circuit a non conservative field force that can 
spend energy is a basic necessity. 
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Any source which can produce such a force is called a source of electromotive force. The electric force 
due to chemical ractions in a battery is an example of a non conservative field that is used for maintaining 
current. 


Considering a battery as an example, we know that chemical energy is converted into electrical energy by 
chemical reactions taking place in it. The generation of energy provides the non conservative field which 
we assume to be directed from p to q in the battery. This is so because as a result of chemical reaction 
positive charges develop on plate q and equal negative charges on plate p of the battery. As a result of 
development of these charges an electrostatic field E, which opposes the non conservative field E, is 
established. The field E, grows up a result of development of further charges. Soon the field E, attains a 
value so that it becomes equal and opposite to E which was in first instance responsible for the development 
of these changes. 


The battery e.m. f. is defined as 


Ey = |, 
P 


Here the line integral between p and q along the straight path passing through the battary. Thus the emf of 
a battery is the work done when a unit charge moves from one plate to the other through the battery. 


Internal resistance ofa cell is defined as the resistance offered by the electrolyte and electrode of a cell 
when a electric current flows through it. 


Terminal Potential Differnece 


When a current is drawn from a cell there is a drop of potential across the internal resistance of the cell 
(equal to ir) where as e.m.f. ofa cell is the maximum potential difference between two electrodes ofa cell. 
when current is drawn from the cell. 


Hence terminal potential difference is between two electrodes ofa cell ina closed circuit. 


Thus, itis clear V, the terminal potential difference is given by 


V=e-ir 


Grouping of Cells 


Cells can be connected in series as shown. When n cells ofemf’s E, E, ..... E with their internal resistance 
AST Ty eee r are connected in series. 


The equivalent e.m.fofa series combinations n cells is just the sum of their individual e.m.fand 
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The equivalent internal resistance ofa series combination 


7 > ; : 
ofn cells s just the sum of their internal resistance when n a— —— l | peser Ji Saeg Ç 





cells of e.m.f ¢, e, — e, and internal resistances are Yr, T, I, iy 
connected in parallel use these equivalent e.m.fand internal E 
. . eq 
resistance all given b 
g y > — — 
I, 

oq a } E€, Baer En i 

eq r r, Ta 

1 1 % 1 : 1 
and SS a asin: —— 

h h g T 


We can also have a mixed grouping of cells (say N) where we connect n cells in 
series in row and then connect m such rows in parallel. Assuming each cell has an 
e.m.f. ¢ and internal resistance. Assuming each cell has an emf ¢ and internal 
resistance r, the equivalent e.m. f. and resistance ofn cells in series in a row would 
be given by ng and nr. 





Now there are m rows of cells in parallel therefore total internal resistance ofall cells would be given by 





neas n YP to n times. 


nr 
Hence, 1, =— 
m 


Since the parallel combination ofrows of cells does not effect the e.m.f. ofeach row of cells therfore the 
effective e.m.f. ofall cells is ne . If we connect an external resistance R to such as arrangement, the current 
in the external resistance R is given by: 


I ne mne 





nr 
RĄ® mr+nr 
m 


nr 
The condition for I to be maximum is given by R = = 


Heating Effect of Curretn (Joule Heat) 


We know that in a circuit certaining resistors the flow of current electric result in the production of heat 
energy. We have already discussed that the metallic conduction is due to free electrons. These free electrons 
frequently collide with the atoms of metal in lattice. At each collision they lose some of their kinetic energy 
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and give it to the atoms they strike. Thus as the current flows through a wire it increases the kinetic energy 
of we vibrations of metal atoms and hence it generates heat in the wire, the energy lost per second by the 
electrons is the electrical power supplied by the battery which maintains the current. Considering a circuit 
as shown in figure, experimentally we observe the following facts: 


1. | The heat produced is proportional to the square of current. weet Veen 
2. The heat produced is proportional to resistance. 


3. The heat produced is proportional to the time for which current 
flows. 


Thus, we can write 
H=i’Rt 


Electrical Power 


The energy liberated per second in an electrical device is called electric power. 


When an electric current flows through a wire or ‘passive resistance’ all the power which it conveys to the 
wire appears as heat. IfI is he current R the resistance, when since 


V=IRwehave P=?’R 


Vv 
[= — 
as R 
2 2. 
2 p= a 
R R 
Example-5 : 


An immersion heater which is to operate on 230 V supply has to raise the temprature of 45.36 kg 
of water from 20°C to 95°C in a hour. Taking the efficiency of opection as 86%, determine the 
resistance of heating element in the heater. 


Solution : 

Mass of water = 45.36 Kg 

Rise of temperature = 95-20 = 75°C 

Heat used m raising the temperature = 45.36 x 4200 x 75 J 


Efficiency of operation = 86% = 0.86 
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45.36 4200x 75 


Total heat produced = 0.86 


Heat produced in one hour = x x 1000 x 3600 J 


45.36 x 4200 x 75 








< xx 1000x3600 = 
0.86 
45.36x 4200 x75 
= =4.6 kg 
1000x3600 x 0.86 
V 2 
Now wattage = 
~ 4600= 230x230 
R 
a peN a 
4600 
Example-6: 


A series bettery of 10 accumulation each of emf 1.5 V and internal resistance of 0.5 ohms is 
being charged by a D.C. source of p.d. 120V. What series resistance be connected in series in 
charging circuit if charging curernt is 10A. Using this resistance what is the power supplied by 
d.c. source and energy stored in accumulator in 2 hrs. 


Solution : 
Let R be the series resistance used. Then from Ohm’s law 


_ 120-15 _ 
R+5 


I 10 





z R=10.5-5=5.50 

P = power supplied by d.c. source = VI = 120 x 10 = 1200 W 

Let, 

P’ = Power dissipicted as heat in external resistance = P R = (10)? x 5.5 = 550W 
P” = Power dissipicted as heat inside accumulator = I? r = (10)? x 5=500 W 

P, = Power stored inside accumulator P — (P’+P”) = 1200-(550 + 500) = 150 W 
Energy stored in 2 Hour = 150 x 2 x 60 x 60 J= 108 x 107J 
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Kirchoff’s Laws 


Electrical circuits contains simple arrangment ofresistances in series or parallel and with a known source of 
e.m.f. can be analysed in a straightward manner using Ohm’s law. In many important cases we encounter 
networks where there may be junctions between two or more conductors at which current can flow along 
various paths and where one or more sources e.m. f. may be active. In such cases we solve the circuits by 
making use of Kirchoff’s law. To apply these law we define two terms. 


1. A branch point is a point of the circuit where three or more conductors are joined together. 
2. A loop is any closed conducting path in the network. 
First Law 


The algebraic sum of the currents flowing toward a branch point is 
zero. The convention for sign is. 

The current flowing toward a branch point is considered positive 
whereas a current flowing away from a branch point is considred 
negative. For example in the figure shown we have: 


I,-L-L-L+1=0 





Second Law 


The algebraic sum of the emf’s in any loop of the network is eugal to algebraic sum of IR drops in it i.e. 


De =D IR; 


To apply the loop equation we must take some direction either clockwise or anticlockwise as the traversal 
direction. An emf is taken with positive sign if the emf by itself produce a positive current in the sense of 
traversal direction. Similarly we take an IR turn with the positive sign ifthe current through the resistor in 
question is in the direction of the traversal. 


For example in the figure shown taking ABCDE as the sense of 
traversal we have. 


1,R,-1LR,+1,R,-1,R,+1,R,=0 


To solve the networks will the help of Kirchoff’s law we proceed 


stepwise as follows: A 


(a) We assign currents with assumed directions to every branch 
in the network. There direction should be indicated in the 
circuit diagram. Then making use of Kirchoff’s first law 
we reduce the number of unknowns as far as possible. 


(b) Wenext write down the voltage equations using Kirchoff’s 
second law to conveniently choosen loops. There must be 
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the same number of independent equation as are the 
unknown. 


(c) Finally we solve these equations to obtain unknown 
quantities. 


We illustrate the use of Kirchoff’s law by taking the case of a 
Wheatstone bridge. The circuit diagram is shown in figure. Suppose 
we want to calculate Ig. Let the currents in all the branches be as 
indicated. Applying Kirchoff’s fisrt law we have 

at A, I=I,+Lorl,=I-I 


1 


B, I=I,+Il,orL=I,-I 
2 g 2 1 g 








C, I=L+Lor=1-L+I, 





Applying Kirchoff’s second law to mesh ABDA weget 
IR, + 1,G,-LR, = 0 
or LR, + 1G,- (Í) 8-0 
or IRIRI +tLG-=-R=0 ae (1) 





For mesh BCDB we have 
LR,- LR,- I,G,=0 
or M-AR -0-1 I) R,- LGR, =0 
or = 1,(R,+R)-1G,-1,(R,+R)-IR, e (2) 


We eliminate I, from these equations by multiplying (1) by (R, + R,) and (2) by (R, + R,) and then 
subracting. 


Solving we get, 


l=l (RR, -R R,) 
= G,(R, +R, +R, +R1)+(R, +R;)(R,+R,) 





Condition for balance would be obtained by putting I, =0 


R, _R, 


This gives R, = R, 


We can also obatin this condition by putting L= Oin the equations (1,) and obtained from Kirchoff’s laws. 
Wheatstone bridge is a basic circuit for determination ofan unknown resistance. However the balance 
condition 
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The above equation an IDEAL condition. This is because I, can never be made equal to zero because a 
galvanometer will always draw some current, howsoever small, for its working. Hence in practice we 


obatina value R; instead of R, in the balancing condition. (R; -R, ) is known as WANT OF BALANCE. 


For a Wheatstone bridge to be sensitive the galvanometer should show as large a deflection as possible for 
a given want of balance. Broadly speaking we can say that a sensitive cap wheatstonte brdige is reasonable 
senstive ifthe resisance in all the arms are ofthe same order ofmagnitude. 


Example-7 : 


Three cells of emf’s E,, E, and E, and internal resist are r,, r,, r, and connected in parallel 
through an external resistance R. Calculate the current flowing through each cell. 











Solution : 


Suppose i,, i, and i, be the currents in given three cells andr be this current through external resistance R. 
Applying Kirchoff’s first law to the point, we have A 


ISLEP (1) 


Applying second law to the mesh E, AR B E,, we have 





INPRS E ee (2) 
Similarly, ir, +iR =E, (MeshE,ARBE,) _..... (3) 
and ir, +iR=E, (MeshE,ARBE,) _..... (4) 


Divides equation (2) byr,, equation (3) by r, and equation (4) by r, and adding we get 


Giria L, L) Py Pag E; 


I D I, 
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or isin(2e tt] Fig hag 














; 1 1 
i [nni +R (rr, +41, 4 nr ) | (Enn + Enn + Err, ) 
Tir; RERE 


E, nr, +E mt + E,nr, 
ngg +R (rr 4 tS ity) 





or 


_ E,-iR 


ji a = 


i 1 


os 1 e r| En +E,nr, + =} 


T nnn [R (55 +N +n ) 





Similar expression for i, and i, can be written from the symmetry. 
Example-8 : 


The resistance of three wires BC, CA and AB of the same 
material and uniform cross section are a, b, c resectively. 
Another wire from A of constant resistance can make a 
contact with BC. If a current enters at A and leaves at 
the point of contant with BC. Show that the maximum 
resistance of the network is: 


(a+b+e)d 
a+tb+c+4d 





Solution : 





Let the sliding were make contact with wire BC at point D. Let 


the resistance of part BD of wire be B and of DC ( a-ß ) . Let I be the current staring at A and leaving 
at D. From Kirchoff’s second law. 


We have for network ADVA 
I,d=V or h=— PET (1) 
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For network ABDA 
I,c+BI,-I,d=0 
or I,(c+P)=Ld=V 


spa 
re O (2) 





Similarly for network ACDA 
Ib+1,(a—B)-Ld=0 


I,(a+b-B)=Ld=V 





L= V 
Tab- B O (3) 
I=L +L, +L, = y Yaa 





+ H 
at+b-B c+ß d 





1 1 1 
I=V —+ 
A | d = 


V 
IfR is the resistance of equivalnet network then I= R 


Hence combining we get, 


s O OS 
R at+b-B d c+ 





dR 
For maximum value of R- ap =0 


1dR 1 1 
or R? dB (a+b-B) (e+p) 








1 dR_(c+B) -(a+b-B) 
or RR? dB (a+b—B)*(c +B)’ 
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Ro 
For dp we must have 





at+b-B=c+B 
a+b-c 
or aaa 


Substituting the value of B we get 





1 1 i 1 
Rex app- 2t d „,2tb-e 
2 2 
S i 2 


a+b+c l d l a+b+c 








2d+a+b+c+2d a+b+c+4d 
(a+b+c)d (a+b+c)d 





(a+b+c)d 


Hence, Rax = 
a a a+b+c+4d 


Exmaple-9 : 


Calculate the steady stage current in the 2Q resistor shown in the circuit. The internal resistance 


of battery is neglible and the capacitance of the capacitor is 0.2 microfarad. 


2Q 
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Solution : 


The current distribution in the various arms of the network is shown in Fig. It is important to note the 
capacitor C, has infinite resistance for d.c. current. At branch point B, therefore no current passes through 
the arm BC F 





From loop ABCD H EFGA 

242.8150 ee (1) 
From loop DHEJD 

2i -3 (i-i,) = 0 
or Si-31= 00 ee (2) 
From (1) and (2) we have, 

2i, + 2.8 [(5/3) 1] =0 

1,=0.9A 


Metre Bridge 


A meter bridge is a pratical application ofa Wheatstone bridge. It consists ofa straight and uniform wire 
one meter long. The internal wire has a high resistivity and low temperature co-efficient of resistance 
(Manganin is the material used). 


The wire is stretched along a meter scale with its ends soldered to two copper strips of neglible resistance 
between the copper strips and third one fixed along the panel have two gaps AB and CD. 


The unknown resistance is connected in the gap AB and a suitable resistance is connected in the gap. 
There is a jockey which series to make contact will the stretched wire and a pointer attached it to indicates 
we position of the point of contact with scale. 


The position of jockey is adjusted until the galvanometer shows no deflection. Since the wire is of uniform 
thickness, the resistance is proportional to length. 





Let xz= ¢, and zy= 100- ¢, = 4, 


Then we have, 
Bo 
S zy 4, 





The determination here may be inaccurate due to the following errors: 


(a) Nonuniformaty of the wire. To eliminate this error the metar bridge wire must be calibrated in an 
auxillary experiment. 
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(b) 


(o) 


(d) 


The position of the point where the jockey makes contact with the wire may not be shown accurately 
by the pointer attached to the scale. 


This error may be eliminated by interchanging R and S and repeating the experiment. The mean of 
two gives the accurate balancing length. 


The ends of the wire may not coincide will the ends ofthe scale and there may be a small resistance 
where the wire is connected to the copper strip. This resistance is known as END correction. To 
determine we take R and S known and obtain a balance point a length L, of the melor bridge wire. 


If a and ß are end corrections at the two ends we have, 

R_ Lt+oa 

S 100-L,+8 
Now interchanging the positions of R and S we obtain a balance at a length L, of the meter bridge 
wire. 


S_ L,+a 


R 100-L, +B 


Solving these two equations for a and B we get 





= SLit RL, 
R-S 

p- RL SL, 
R-S 


Ifa current is passed for a longer direction of time the point may flicker. To avoid this the current in 
the wire may be kept as small as possible and the key should be pressed for as short a time as 
possible while taking a reading. 


Example-10: 


Two parallel resistance 4Q and 8Q are connected in the right gap of a meler bridge and a 


resistance of 6Q is connected in the left gap. Where would be the balance point on the meter 


bridge wire? 


Solution : 


S is the combination of parallel combination of 4Q and 8Q resistance. 


nile 
Ale 
oo | = 
o| WwW 
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8 
S$==Q 
or 3 


Let the balance point be at a distance of x from the left end ofthe wire. 


R x 


S  100—x 





6x3 x 
8 100-x 








Solving for x we get, 


x = 69.2 cm 


Potentiometer 


The potentiometer is a very useful instrument which can 
be used to measure a unknown e.m.f. 


The principle ofa potentiometer can be understodd by 
referring to figure. 


Here AB is a long uniform wire connected to a battery 
E. The source ofunkonwne.m.f. E, is connected across 
AB through a sliding contact J. The sliding contact is 
moved along AB till there is no deflection in the 
galvanometer. When this happens the emf E, is equal in 
magnitude ofthe potential difference between A and J 
(For obatining a balance E, must be greater than E,). 








Let us cnosider the wire AB is uniform and the fall of potential across unit length (potential gradient) be p . 
Ifthe balancing length for an unknown e.m.f. is ¢ than, 


e=pl 


Given a choice, we would prefer to use a ten wire potentlometer over a four wire potentiometer for a 
better accuracy of measurement (p would be smaller for a ten wire potentiometer). 


Usually one find various faults in potentiometer circuit. We discuss below various possibilties: 


(a) Both defiections are in the same direction the one with the contact maker at the zero end of the scale 
being the smaller of two. This error arises because the p.d. under test is connected in the wrong way 
round and the connections are to be reveresed. 


(b) Both deflections are in the same direction the one with the contact maker at the zero of the scale 
being the larger of two. 
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The reason for this fault is that the accumlator that drives the current through the potentiometer 
produces too small a p.d. across the wire. To eliminate this error we must either recharge the 
accumulator or if there is a resistance in series with the wire this must be reduced. 


(c) The same deflection is obatined for all position of the contact maker. This happen when there is a 
broken comnection somewhere in the part of the circuit in series with the potentionmeter wire and 
accumulator. 


(d) No deflection is obatined for all positions of the contact maker. This happens when there is a broken 
connection in the galvanometer circuit. 


(e) Thedeflecion ofthe galvonometer are in opposite directions for the two positions of the contact 
maker but the pointer flickers unsteady. 


There is a loose connection some where in the circuit. 
A potentiometer is a very verstile instrument and can be used for: 
(i) | Comparison ofemf’s of two cells. 
(ii) | Determination of internal resistance ofa cell. 
(ii) Determination ofa low resistance. 
(iv) Measurement of current. 
(v) Measurement ofhigh emf. 


(vi) Measurement a very low e.m.f. (thermocouple) 


Comparision of e.m.f. of Two Cells 


Connect point 1 of the two way key and obtain a balance point at a length L, of the potentiometer wire. 
Than E, =pL, 


E P 
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Where p is the potential gradient of the potentiometer wire. 


Now connect contact 2 of the two way key and obtain a balance point at a length L, ofthe potentiometer 
wire. Than 


E, = pL, 
E, L, 
Hence, E L 


Determination of Internal Resistance of a Cell 


The circuit arrangment is shown in the figure. E is the cell 
whose internal resistance ir is to be measured A resistance K, 
box R is connected across the cell through a key K.. 


By adjusting the rheostat R, and closing key K, a 
balancing point is obtained is on the potentiometer wire 
at a point L, with K, open. 


Then E, =pL, 

Where p is the potential gradient of the potentiometer 
wire. 

Now key K is closed with a known resistance R out of 


resistance box. Once again without disturbing rheostat 
R, the balancing length L, is measured. The we have, 


V=L,p 
Eohi 
V L, 


Let I be the current drawn throught the cell by resistance R. Then the potential difference ofthe cell is 
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Sovling we get, 





Example-11 : 


The circuit shown in figure is designed to measure 
an unknown. Resistance using a potentiometer. 
When there is no deflection m the galvanometer, 
the balance point is obtained on P of the 
potentiometer in the galvonometer G,. Another 
balance point is located Q of the potentiometer 4 
wire in the galvanometer G,. It is found that 


AQ 

















AP= 37 What is the value of x? 
Solution : 
We have, 
AQ 
x5=p(AP)= 
5+x p( ) of 3 
and m (5+x)=p AQ 
H a 
ence, Sax 3 
x=100 
Example-12 : 


A potentiometer (with potential gradient p ) is set up 
as shown. The ammeter reads 1.0 when the two way 
key is switched off. When the points 1, 2 of the key 
are connected the balance is obatined atx cm and when 
the points 1 and 3 are connected the balance is obatined 
at y cm of the potentiometer wire. Then the magnitude 
of the resistors R and Q are equals when respectively 
to p(y-x) and px. 
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Solution : 


When the key between 1 and 2 is plugged in P is in circuit. 
. V, =IP=1P=px 
When the key between 1 and 3 is plugged in coil P and Q are in the circuit. 


V, =1(P+Q)=1(P+Q)y 





”. V,-V, =p+Q-p=k(y-x) 


201 


UDOON 


A program to give wings to girl students 


PROBLEMS FOR PRACTICE 


1. The resistivity ofthe material ofa wire is 4x 10° ohm-cm. Ifthe resistance of the wire is 13 ohm and 
its diameter is 1 mm. Calculate the length of the wire. 


Ans: 27.5 m 

2. Acarbon resistor of 74 Q to be marked with rings of different colour for its identification. Write the 
sequence ofcolours. 
Ans: Violet, yellow and orange 

3. Two wires of equal length one ofaluminum and the other of copper have the same resistance. Which 
of the two is lighter? 
Pa =2.63x10° Om, po, =1.72x10% Qm 


Relative density of Al and Cu are 2.7 and 8.9 
Ans: Aluminium 
4. Awire with aresistance of 6.0 Q is drawnout so that its new length is three times its original length. 


Find the resistance of longer wire assuming that its resistivity and density of meterial are not changing 
during the process. 


Ans: 5Q 
5. | At what temeperature would the resistance ofa copper conductor be double its resistance at 0°C. 
Ans: 260°C 


6. Aniron wire 2 km long and a copper wire 3 km long are connected in parallel across a source of 
voltage 200 V. Both wires carry the same current. The diameter of copper wire is 1 mm and its 
temeperature is 100°C. Obtain the diameter of iron wire. The temperature coefficient of copper and 
iron at 20°C is 3.9x103 and 5x10 (°C) ' respectively. Resistivity of copper and iron is 1.7x10° 


and 107’ Qm . Neglect the thermal conductivity of the wires. 
Ans: 2.046 mm 


7.  Aheater connected to a230 V supply initially draws a current of 3A which becomes 2.3 A after 5 
second. What is the steady temeperature of the heating element if the initial temperature is 27°C. 
Temperature cofficient is 0.00017C! 


Ans: 1817°C 


8. A transmission line 1 km long is prepared from 17 kg of magnin 20°C. What is the maximum and 
minimum temperature within which it can operate if its resistance is to be within 0.76 Qm ofits 
calibrated value. Given 


Coefficient of linear expansion 1.8x 103 (°C)! 
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Temperature coefficient = 10° (°C)! 
Density at 20°C = 8.5x10? m° 
Resistively at 20°C = 4.4x107 Qm 
Ans: —80 or 120 


9. Calculate the equivalent resistance between A and B for the combination shown in figure. 





20, 
6Q 
Ae WAM B 
7Q 
4Q 


Ans: 3.18 Q 


10. Find the equivalent resistance between P and Q of the figure. 
P 
Q 


Ans: 


11. Find the effective resistance between points x and y of the hexagonal circuit shown in fig. Each 
resistor has a value of 10 Q. 


Ans: 5 Q 
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12. Calculate the equivalent resistance between point A and B ofthe network shown. 


3000 





Ans: 50 Q 


13. Find the equivalent resistance between A and B of the network shown in figure. Neglect the internal 
resistance of the battery. 


80 
10V © 

10Q 

Ans: 11.33 Q 
14. Twelve resistance each of value 4 Q are connected as shown in the figure. Find the effective resistance 
between A and C. 
A R 

Ans: 3Q 
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Four identical cells each of e.m.f. E are connected in parallel providing supply of current to external 
circuit consisting of two resistances ofresistance R in parallel. The terminal voltage of the cells as 
read by an ideal voltmeter is V. Calculate the internal resistance of each cell. 


E-V 
Ans: V ear 





In the circuit shown, calculate the current flowing between A and B through E.. 








Ans: 2A from B to A 


Inan electric furnace 100 kg of tin are to be melted in an hour from an initial temperature of 15°C. 
Find the power required for this operation. 


Given, 

Specific heat of tin= 0.056 

Melting point oftin = 235°C 

Latent heat of fusion of tin= 13.3 kilocalorie per kg. 
Thermal efficienty = 70% 

J= 0.24 Calorie per joule 

Ans: 4.2377 Kwh 


What is the wattage and voltage ratings ofa bulb which will produce maximum brightness when 
connected across a battery of e.m.f. 4.5 V and internal resistance 20. 


Ans: 2.53 W and 2.25 V 


Two bulbs rated 100 W, 200 V, 200 W, 200 V are connected in (1) series (2) in parallel and joined 
to a source of p.d 200 V. In each case which bulb glow more brightly. What is total power consumed 
in each case. 


Ans: Inseries: 100 W bulb glows more brightly then 200 W bulb and power consumed = 66.6 W. 
In parallel: 200 W bulb glows more brightly than 100 W bulb and power consumed is 300 W. 


205 


UDOON 


A program to give wings to girl students 


20. 


21. 


22. 


23. 


24. 


25. 


A lead fuse in a circuit consisting of a copper wire with cross sectional area 5 mm? metls if the wire 
heat up by 25 K. The initial temperature of the lead fuse is 293 K. What is the cross sectional area 
of the fuse lead wire. 


Ans: 2.5 mm? 


Ahigh speed lift weighing 15.7 KN goes up at 1.0 m/s. The supply line is 220 V, the motor efficienty 
is 92%. What is the power of the electric motor driving the lift. 


Ans: 17 Kw 
ABCD is a quadrileteral of which arms have resistance AB = 19, BC = 20, CD= 3Q and 


DA= 4Q.A galvanometer of resistance 352 is placed across BD. Ifa current of 1A is passed at A 
and leaves at C calculate the current in the galvonometer. 


Ans: 0.00667 A 


An electric current of 5A is divided into three branches, the lenghts of the wires in three branches are 
proportional to 1, 2 and 3.Find the current in each branch. The wires are of the same material and 
cross section. 


Ans: 0.3075A, 2A, 0.9225A 


In the circuit shown in figure, what is the current through 4. resistance. 


40, 20, 


AAW WWW 
10Q E, 








4Q 


Ans: 


Two squares ABCD and AEFC have the side BC in common. The sides made of conducting wires 
have resistance as follows. 


AB, BE, FC, CD each 2Q 


AD, BC EF each 10 
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26. 


27. 


Acellofe.m.f. 2 volt and internal resistance 2Q is joined across AD. Find the current in various 


parts of the circuit. 
i Ai, 20hm gi, 20hm Ẹ 
>A > 





2 ae 
Ans: l, = oo (i-i,) 


_10, 


T= 
99 





uli 


I, =— 
99 


In the circuit shown in figure E, F, G and H are cells ofemf2, 
1, 3 and 1 volt respectively and their internal resistance are 


2, 1,3 and 1Q respectively. Calcualte: 


(i) The potential difference between B and D. 


(ii) | The potential difference across the terminals ofthe cells 
Gand H. 


2 21 19 
al ENV A ee, Ay 
Ans: Yos “73> to Tg "> YH 73 








In the circuit shown in figure, the current through 3Q 


resistance. 2A, E, = 14V, X 





B 30 2A C 


What is the value of E? Internal resistance of each battery is 1Q. 


Ans: 7Q 
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28. 


29. 


30. 


31. 


32. 


33. 


34. 


Twelve equal wires each ofresistancer are joined up to form a skelton cube. A current enters at one 
corner and leaves at the opposite corner. What resistance does the cube offer in this situation. 


E 
S: g 


A letter is constructed ofa uniform wire ofresistance 1 Qcm™ . The side ofthe letter are 20 cm long 
and the across piece in the middle is 10 cm long while the apex angle is 60°. Find the current flowing 
through the different pairs when a battery of emf 15V and internal resistance 3.33 Q is connected 
across the two ends of the legs. 


Ans: 0.167A; 0.33A 
Ina meter bridge, the balance point is found to be at 40 cm from the left end of the meter bridge wire 


when the resistance in the left gap is 15 Q . Find the balance point when the resistance in left and right 
gaps are interchanged. 


Ans: 60 cm 


The resistance ofa meter bridge wire is 2 Q. The galvonometer used in the circuit has a resistance 
of 100Q and the battery used has an emf of 2V. Ifthe resistance in the left and right gaps are 1Q 


and 3Q, where is the balance point obatined. 
Ans: 25 cm 


Aresistance of 2Q is connected in the left gap of a meter bridge wire which has a length of 1m. An 
unknown resistance X (X < x) is connected in the right gap. The balance point is found at L cm from 
the positive end of the battery. On interchanging the resistances in two gaps it is found that the 
balance point further shifts by 20 cm away. Neglecting the end corrections calculate the value of 
unknown resistance x used. 


Ans: 3Q 


x is anunknown resistance to be determined by a meter bridge by using a 10 Q resistance in the right 


hand side gap of the meter bridge wire. The balance point is obtained at 52 cm mark. The end 
corrections are 1 cm and 2 cm respectively for the left and right ends. What is the value of x. 


Ans: 10.6 cm 


The resistance ofa potentiometer wire is 8Q and its length is 8 meler. A high reisistance box and a 
92 volt accumlator are placed in series will it. What should be the value of the resistance box if it is 
desired to have a potential drop of one microvolt per millimeter? 


Ans: 912Q 
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A potentiometer wire of length 100 cm has a resistance of 10 Q . It is connnected in series with a 
resistance and a cell of emf 2 volt and neglible internal resistance source of emf 10 milli volt is 
balanced by a length of 40 cm of the potentiometer wire. What is the value of the external resistance. 


Ans: 790Q 


In an experiemnt with a potentiometer to measure the internal resistance ofa cell when the secondary 
circuit is shunted by 5 Q , the null point is at 2.20 m. When the cell is shunted by 20.Q. the null point 
is at 3.00 m. Calculate the internal resistance of cell. 


Ans: 2.760 


A 1.5 V poteniometer is used for finding the internal resistance of 1.2 V cell. The balance point of the 
cell comes at 65 cm. Ifa resistor of 10Q is used in the external circuit of the cell, the balance point 
changes to 55 cm. Calculate the internal resistance of the cell. 


Ans: 1.820 


A potentiometer circuit using a standard cell of emf 1.02 volt is setup as shown in fig. Ifthe balancing 
length with 1, 3 connection is 90 cm and with the 2, 3 connection is 45 cm. What is the e.m.f. of 
thermocouple? Also find the value of R. 


100Q Aw— Im ———-41B 





Ans: 0.51 V and 1.0049 
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QUESTION BANK 
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UDGON 
Key Learning Points 
The free electrons in a conducter in a maintained electric field constitute a current. 


The electric field that acts on the electrons in a conductor does not produce a net acceleration 
because the electrons keep on colliding with the ctoons leat make up the conductor and thereby 
acquire a constant drift velocity v, ina direction opposite to the field. 


le v 
vi =—— TS 
2m L 


Where q is known as relaxtion time and other symbols have their usual meaning. 
The general expression for the current is i= nev,A 


where n is the number of free electrons per unit volume and A is the area of cross section of the 
conductor. 


The same current flows through the every cross section of the conductor even of its is not uniform. 


According to ohm’s law the current is directly proportional to the potational difference provided the 
physical conditions of the conductor remains unchanged. 


ie. V=IR 
Where R is the resistance offered by the conductor. 


The resistance of any conductor can be expressed in terms of the length ¢ and area of cross section 
Aas R=p : 
as R=p— 
A 
Where p is a constant of the material and is called its resistivity. The receprocal of p is known as 
conductivity any is denoted by o. 


The equivalnce resistance of resistance R, R,, Ry ...... R,, connected. 


(i) In series, is R,,=R,+R,+..... R, 


1 1 1 1 


(ii) In parallel, is Ro = R, "R 





2 n 


The variation ofresistance with temperature is given by 
R, =R, (1 + at) 
where q is the temperature co-efficient of material. 


The resistance of metals increases with temperature. However for semi conductor and insulators 
resistivity increases exponnentally with decreasing temperature. 
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10. 
11. 
12. 


13. 


14. 


15. 


16. 


17. 


Super conductors (metals like Nb and other meterial likes Ba, Cu, O,) have zero resistance. 
For solving complicated network use is made of Kirchoff’s laws. 


Wheatstone bridge is a special type of resistance network for measuring the resistance (It cannot be 
used for measurement of very low and very high resistances). The condition of balance is: 


R R 


R, R, 
A Wheatstone bridge has optimum sensitivity when the resistance in its all branches are of the same 
order ofmagnitude. 


A cellis a device in which by means of chemical reactions, chemical energy is converted into electrical 
energy. A cell provides the necessary potential difference for maintaining a current in an electric 
circuit. 

Emfa cellis the potential difference between its terminal when the cell does not draw any current 
(open circuit) whereas the terminal potential difference is defined as the potential difference between 
its terminal ina closed circuit. 


The two are related as: 
E=V-ir 
where r is the internal resistance of the cell. 


When a number ofcells of emf’s E, E.,......E, are connected 


(i)  Inseries, then, Eq = E, +E, +... E 


E, .E, E, 
(i)  Inparallel, then, Eeg =—-+— +--+ — 
Yr D T, 

E N ot 

and ggg : 





Meter bridge is based on the Wheatstone bridge and 
is used to measure resistance. 


Referring to figure we have, 


L 


P= 
Q00- 





For better accuracy we have to take into account end 
corrections. 
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Potentiometer is a verstile instrument. Here we balance an unknown e.m.f. E, against a length L of 
the potentiometer wire. We can use potentiometer as: 


(i) 


(it) 
(itt) 
Gv) 
(v) 





1 
| 
SS l ae — 





E, 


E £ 
To compare two emf’s G = £) (Reference Text) 
2 “2 





Li — L, 
To determine the internal resistance ofa cell | £ = L R 
2 


Measurements of current. 
Measurement ofhigh emf. 


Measurement ofa very small emf. 


Ifa current of] ampere traverses a conductor between the ends of which there is a potential difference 
equal to V, the work done during a time t is V I t. If the whole of energy liberated is converted into 
heat, the heat generated is given by 


H=PRt 
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Average Combination of Cells 


1. N identical cells, each of emf E, and internal resistance r, are connected in parallel. The 
variation of the net emf, E of the combination, with the number of cells N, is expressed 
corretly by the graph labelled as: 


E E 
ZL E 
(1) (2) 
E E 
| N, KN 
(3) (4) 
Correct answer: (2) 


Solution: 


Ifn cells, ofe.m.f. E,, E....... E and internal resistance r, r,...... T, are connected in parallel, then we have, 





1 1 1 1 
a 
Toq q D h 
E E E E 
a = 1 2 i 
and ko Prin 7 
eq n t Ta 


From these equations we have, 
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nisl |B 


Hence option (2) is correct. 


Unit—12 : Current Electricity 


Average Terminal p.d 


2. A cell having an emf E and internal resistance r is connected across a variable resistance 
R. When the resistance R is increasing and the potential difference V across R is measured, 
the graph between increases value of R and the corresponding value of V is represented 
by the graph, labelled as graph. 


V V 





(3) (4) 


Correct answer: (3) 
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Solution: 


The circuit is a shown. 


: E 
The current in this circuit is 1 = ——— 
Rr 


Potential V across R is 


I 
v=in=( Z R= E 
R+r a 





It is easy to see that 
When R ->0 V=0 and 


When R >œ V >E 


Hence option (3) is correct. 


Unit—12 : Current Electricity 
Average Cells in Series 
3. N identical cells, each of emf E and internal resistance r, are joined in series. Out of these 


n cells are incorrectly connected, i.e., these terminals are connected in reverse of that 


N 
required for series connection [n < x) . E, and r, represent the resulting emf and internal 


resistance of the combination. 


Then E, and 1, are given by: 





(1) (N-2n)E, ņ=Nr (Correct) 
N-n E r= N-n A 
(2) 7 |> P 7 (Incorrect) 
N 
3) (n-n)E, ņ -(5} (Incorrect) 
(4) (2N-n)E, ņ=(N-2n)r (Incorrect) 


Correct answer: (1) 
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Solution: 





F = N-n) E - nE =(N-2n)E 
ESPET Eiss n times = Nr 


Hence the option (1) is correct. 


Unit-12 : Current Electricity 
Average Cell Combinations 


4. A battary of 24 cells each of emf 1.5 V and internal resisatnce 2© is connected so as to 
send maximum current through a 125 resistance. In order to achieve this we must connect. 


(1) 6 cells in series and connect 4 such rows in parallel (Incorrect) 
(2) althe 24 cells in series (Incorrect) 
(3) allthe 24 cells in parallel (Incorrect) 
(4) 12 cells in series and connect 2 such rows in parallel (Correct) 


Correct answer: (4) 
Solution: 


Let us connect cells in mixed grouping where n cells are connected in series in one row and m such rows 
are connected in parallel. Let N = Nr = 24 


Then for maximum current in external resistance. 


= [NR _ [24x12 _ 1, 
r 2 


m=—=2 
n 





Hence option (4) is correct. 
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Unit—12 : Current Electricity 
Difficult Cell Combinations 


5. (MN) identical cells, of e.m.f. E and internal resistance r, connected in N parallel rows 
where each row contains M cells in series. This combination of cells is connected across an 
external resistance R. What should be arrangment of the cells for getting maximum current 
through R if the total number of cells is fixed? 














RN Nr 

(1) Number ofcells ina row = a and number of rows = R (Incorrect) 
l RN Nr 

(2) Number ofcells in a row = \ ee and number of rows = R (Correct) 
f MR MR 

(3) Number ofcells in a row = \ TE and number ofrows = R (Incorrect) 
. [Nr nR 

(4) Number ofcells in a row = \ R and number ofrows = ra (Incorrect) 


Correct answer: (2) 
Solution: 


The simplified version of the given circuit is shown in diagram (2) we have, 





i= mE — mnE 
Ry mr+nR 
n 


mE mr/a 





R 
(1) (2) 


Ifthe total number of cell is fixed, than m is fixed. Then we need to find the value of the m and nso that the 
current is maximum. We can write 
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mneE 


(Vmr - Var) +2VmnR 





As mn is fixed. I is maximum when denominator is minimum 


(Vr - Var) 


m 
or ak 
n 


= |W 


IfN is the total number of cells then we can get mn = N and ae A 
n 


| RN 
Hence for the maximum current. Number of cell in a row = 4| — 
T 


Nr 
and number ofrows = R 


Unit-12 : Current Electricity 
Average Circuit Analysis 


6. You are provided with a test resistance R, a high resistance R, and a small resistance R,, 
two identical galvanometer G, and G, and a variable voltage source V. You are required to 
set up a circuit for the verification of ohm’s law. Which of the following would be a correct 
circuit? 
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Correct answer: (3) 
Solution: 


Here we have to use galvanometer G, with a high resistance in series, in place of the voltmeter. Similarly 
galvanometer G,, with a parallel small resist once, takes the place of the ammeter. Hence the circuit diagram 
(3) is the correct circuit for the verification of ohm’s law. 


Unit—12 : Current Electricity 
Average Drift Velocity 


7. A conductor contains 8x10-* free electrons per cubic meter. The conductor carries a current 
of 1A and has a length of 10 Cm. The area of cross section of the conductor is 7.81<10-°m?. 
The time taken by an electron to move from one end of the conductor to the other end is: 


(1) 10°s (Incorrect) 
(2) 104s (Incorrect) 
(3) 10°s (Correct) 
(4) 10°s (Incorrect) 


Correct answer: (3) 
Solution: 


We known that drift velocity v, is given by the relation. 


o I 
neA 





Va 


where the symbols have their usual meanings. 


220 


A program to give wings to gi students 


L 
Now it is easy to see that v, can be written as Va = = 


where L is the distance between one end ofa conductor to the other end and t is the time taken by the free 
electrons to travel from one one to the other end of the conductor. 


r L_ I 
ence, E nA 
t _neA 
or L 1 
a i neA L 


I 
Substituting we given values we get, t= 10° s 


Hence option (1) is correct. 


Unit—12 : Current Electricity 
Easy Mean Free Path 


8. The mean free path of electron in a metal is 4x10-* m. The electric field which can give on 
average 2eV energy to an electron in the metal will be 


V 

(1) 10x10 — (Incorrect) 
m 
a V 

D 5x10 — (Incorrect) 
m 
V 
5x10 — 

(3) m (Correct) 
V 

(4) 25x10 a (Incorrect) 


Correct answer: (3) 


Solution: 


It is easy to see that the work done is (qE) (2). 
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Hence, 


2eV = qEx4x10°% 


Easy 


o 1l E A 
4x10” m m 





Unit-12 : Current Electricity 


Resistivity 


3 
The length of a wire is doubled and current through it is increased by a factor of Z without 


2 
any charge of temperature. The resistivity of the material of the wire 
(1) remains same (Correct) 
(2) increase by a factor of 3 (Incorrect) 
(3) decrease by a factor of 3 (Incorrect) 
(4) increase by a factor of 2 (Incorrect) 


Correct answer: (1) 


Solution: 


The resistivity ofa wire depends only on the nature of wire. Changing factors like length, area of cross 
section does not charge the resistivity of the material of the wire. 


Unit—12 : Current Electricity 


Average Combination of Resistance 


10. A wire of uniform resistance z r m is sent into a circle of radius r. The same wire is 


connected between point A and B as shown. The equivalent resistance between A and B is: 


B 
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zr 
(1) (3n+16) (Incorrect) 
6n(x) 
(2) (3n+16) (Incorrect) 
6nzr 
(3) (3n+16) (Correct) 
(4) B (32+16) (Incorrect) 


Correct answer: (3) 


Solution: 


Let R, be the resistance of one quadrant and R, be the resistancr of three quadrants of circle. 


pal m] = 
4 2 


R, = Pasi 
2 


Ifthe resistance of straight wires AO and OB taken together is R,.Then 
R,=2rz 
R,, R, and R, are connected in parallel 


1 2 2 1 _3n+16 














R naz l 3nzr " Qzr 6nzr 
R= 6nzR 
3n+16 


Hence optino (3) is correct. 


Unit—12 : Current Electricity 
Easy Non Ohmic Devices 


11. The relation between V and I for a device not obeying Ohm’s is shown in the figure where 
there is more than one value for current for a given interval of V. This device can be 
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(1) ajunction diode (Incorrect) (mA) 
(2) asuper conductor (Incorrect) 

(3) alight emitting diode (Correct) 

(4) atransmiter (Incorrect) 


Correct answer: (3) 








Solution: >V 
Informative (The materialofthe light emitting diode is GaAs). 

Unit-12 : Current Electricity 
Average Combination of Resistances 


12. Sixteen resistance, each of 16Q are connected as shown in figure. The net resistance, 
between A and B, is. 





D G 
(1) 4Q (Incorrect) ANA 
D 62 (Incorrect) 
3) 8a (Incorrect) 
(4) 30 (Correct) 
Correct answer: (4) 
A B 


Solution: 
In each of the four arms of network ofresistance four resistance are converted in parallel. The effective 


resistance of each arm of network is 


R_16_4o 
4 4 


The total resistance is then given by: 


_(44444)x4 _ 


=." 30 
T (4+4+4)+4 





Hence option (4) is correct. 
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Unit—12 : Current Electricity 
Easy Resistance of Wire 


13. A copper wire is stretched to make it 0.z% longer. Then the percentage charge in its 
resistance is 


1 
(1) of Sx % (Incorrect) 
(2) No charge (Incorrect) 
(3) 0.4(z %) (Incorrect) 
(4) 2x(0.z %) (Correct) 


Correct answer: (4) 
Solution: 


IfA is the area of cross sectino of the wire of length L and density d its mass is given by: 


m 


m= ALd or = 
Ld 


The resistance, R of the wire of, resistively p is given by 
2 
p=-PL-PLd 
A m 


Differentating we get, 


dR _2dL 
R L 


Hence option (4) is correct. 


Unit-12 : Current Electricity 
Difficult Resistance Combinations 


14. xand y are two points on a uniform ring of resistance R. The angle xzy = 9 where zis the 
centre of ring. Then the equivalent resistance between x and y is: 


M = (27-0)0 (Correct 
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2 LF In t 
2 1 = (Incorrect) 
R 
(3) >—8(2n-6) (Incorrect) 
2m 
R 3 x y 
(4) (2m = 0) x4n°0 (Incorrect) 
Correct answer: (1) 
Solution: 
Pl, 
a? 
2na 
Also, R= PC! and wy = 9A 
, R RO 
R „ (Smaller portion ) = ——( 0a ) = — 
oI i ) 2na (8a) 2n 
foe ; R 
Similarly, R „ (Larger portion ) = n~ (2-8) 
T 
R (2-6) 
_2n 20 
eq 
Re Ron -6) 
2n 27 
_ RO(2n-8) 
g 4r? 
Hence the option (1) is correct. 
Unit—12 : Current Electricity 
Difficult Resistance Combinations 


15. A cylinder of radius a, lengths L is made of a material of resistivity p, . It is electroplated 
with a material, of resistivity p,, till it radius increases to b. The resistance of the 
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elctroplated cylinder will be given by the relation. 





(1) [e] 
Pi P2 











— + 
Pi P2 
a [2 =) 
3z = 
6) P2 P: 
1 | ap, +bp, 
(4) 2r| a be 
Pi P2 


Correct answer: (2) 
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(Incorrect) 


(Correct) 


(Incorrect) 


(Incorrect) 


Solution: 


L 
Let R, be resistance of inner cylinder of radius a and resistivity p . Then R; = P, —> 


na’ 


The area of cross section of electroplated part is 7 (v? =a’ ) . The resistance R, of electroplated part of 


cylinder is 


L 


M= eo 


Resistance R, and R, are connected in parallel. The equivalent resistance R is 


L? 





R,+R, 1 Pi, p> 
n| a? (b? -a’) 
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Hence option (2) is correct. 


Unit—12 : Current Electricity 
Difficult Continuous Variation of Resistance 


16. A cylinderical wire of radius R and is of uniform area of cross section. The current density 


varies with radial distance r as J = a r°. Then, the current, through the outer portion of the 


R 
wire, between radial distances, D and R, is given by 





(1) na’ Rt (Incorrect) 
(2) 5 naR* (Correct) 

(3) = maR* (Incorrect) 
(4) = (aR y (Incorrect) 


Correct answer: (2) 


Solution: 


We consider an element ofthe cylinderical wire ofradius r and thikness dr as shown. Then the area of 
cross section ofthe element is dA = 2ardr. 


It can be seen that the current is along the wire and the elementary area dA is perpendicular to the cross 
section of the wire and both have the same direction. 


Hence the current through the element of the wire is 
dI = dA = ar’ x 2nrdr = 2na r°dr 


Hence the current through the outer portion of the wire is 
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R rí R 
I= f2ror"ar= |= | oes. 
B R 32 


Hence option (2) is correct. 


Unit-12 : Current Electricity 
Average V-I Graphs 


17. The voltage current graph for a platinum wire conductor at temperature T, and T, is as 
shown in the figure. 
V 





I 


(Given temperature coefficient of platinum is œ and R, to the resistance of platinum wire 
at 0°C). The value of (T,-T) is 





2 

(1) aR, tan 0 (Incorrect) 

R,a 

(2) + cos 20 (Incorrect) 
2 

(3) aR, sin 20 (Incorrect) 
2 

(4) aR, cot 20 (Correct) 


Correct answer: (4) 


Solution: 


R, =tan0=R,(1+aT,) 
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R, =cot0=R,(1+aT,) 





cot 0—-tan@ =R,(1+aT,)—R,(1+aT,) 


oe T-T =! (coto—tan) 





aR, 
T,-T.= 1 (= ne) 
E aR,\sinð cosd 
2cos20 2 


cot20 





aR,sin20 aR, 


Unit-12 : Current Electricity 
Easy Dependence of Resistivity on Temperature 
18. Which ofthe following statement is correct? 
(1) For metals, resistivity increases linearly with temperature, at all temperatures. (Incorrect) 
(2) For insulators resistivity decreases expontentially with decreasing temperatures. (Incorrect) 


(3) For semiconductors resistivity becomes very large at low temperatures tending to infinitely 
large values as .T — 0 (Correct) 


(4) Resistivity increases with temperatures for metals, insulators as well as semi conductors. 
(Incorrect) 


Correct answer: (3) 
Solution: 


For semi conductor the resistivity increases exponentially with decreasing temperature, the variation being 
expressed by the relation of the form 


o(t)=p4(7) exp] 


Here p, ( T) is a factor that varies slightly will temperature, k is the Boletzman’s constant and E, is the 
positive energy known as gap energy. 


Because ofexpontatial dependance the resistance ofsemi conductors becomes very large at low temperature 
tending to infinite large values as T — 0. 


Hence option (3) is correct. 
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Unit—12 : Current Electricity 
Average Dependance of Resistance on Temperature 


19. Which of the following statements is incorrect? 


(1) Theresistance ofa thermistor charges very rapidly with charge in temperature. (Incorrect) 


(2) The temperature co-efficient of resistivity can be both positive and negative. (Incorrect) 
(3) A thermistor can easily measure a charge in temperature of 10°C. (Incorrect) 
(4) The temperature co-efficient of resistivily ofa thermistor is normally very low. (Correct) 


Correct answer: (4) 
Solution: 


The thermistor is a semi conducting device. The resistivity of a semi conductor increases expontentially 
with decrease in temperature. The resistivity of a semi conductor increases very large with decrease in 
temperature tending to inifinity as T — 0.The option 1, 2 and 3 are known characterstics ofa thermistor. 
Hence the option (4) is not correct. 


Unit—12 : Current Electricity 
Easy Non-Ohmic Devices 


20. Which ofthe following graphs represent current voltage relationship for a water voltamtere? 
I I | 
V V 
(1) (2) 
I I | 
Vv V 
(3) (4) 
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Correct answer: (1) 
Solution: 


For certain electrolytes like platinum and water, we find that the current flowing through is extremely small 
until the potential difference increase to a value V’. After that the current increases linearly, with V, as 
shown in option (1). 


Hence option (1) is correct. 


Unit—12 : Current Electricity 
Average Circuit Analysis 


21. Find the steady state voltage drop across the capacitor C in the diagram given below. 











qd) Vv (Incorrect) 
O WR o R, ə 
(2) BEJ (Incorrect) 
2 (R, +R, 
C R, 
VR, i 
(3) R, +R, (Correct) 5 
AWW 
VR, 
(4) RR, (Incorrect) 


Correct answer: (3) 
Solution: 


Since no d.c. current flows through a capacitor the steady state voltage drop across capacitor is same as 
across resistance R,. The current is given by 








_ Vv 
R +R, 
VR 
R, =R, = 2 
Here the voltage drop across **2 2" RR 


Hence option (3) is correct. 
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Unit—12 : Current Electricity 
Easy Meter Bridge 


22. Figure shows a meter bridge circuit for the determination of an unknown resistance. When 
we use different values of R, (say R,, R, and R,, respectively) we obtain ‘balance points’ at 
A, B and C, respectively. For which resistor, the value of x will be determined more 














accurately? 
| ©) 
X R 
() R, A B € (Incorrect) 
(2) R, (Correct) 
G) R, (Incorrect) 
(4) The accuracy of determination will be practically the same whether we use R,, or R,, or R,. 
(Incorrect) 
Correct answer: (2) 
Solution: 
R, R, 
Meter bridge is based on the principle of Wheatstone bridge. The balance condition R = R ina 
2 4 


Wheatstone bridge is an ideal one since it is not achieveable in practice. This is because current in the 
galvanoemeter can never be made equal to zero. Hence the value ofvariable resistance (R,) ina Wheatstone 


bridge will always be a little different from ideal value R, for balance. (R; -R, ) is known as want of 


balance. It can be shown that, for optimum sensitivity ofa wheatstone bridge for a given want of balance 
is obtained when the resistance in its all four arms are ofthe same order ofmagnitude. The balance point B, 
using resistance R,, is close to the middle ofthe wire. This satisfies the condition for optimum sansitivity. 
Hence option (2) is correct. 


Unit-12 : Current Electricity 
Average Meter Bridge 


23. Figure shows a meter bridge circuit for measurements of resistance. However the meter 
bridge wire has end corrections a and ß (in terms of the length of meter bridge wire). 
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Taking known P and Q, we find a balance point is obtained at a length /, of meter bridge 
wire. If we inter change, the position of P and Q, the balance point is obtained at a length <, 


of meter bridge wire; then the value of q and f are 




















Qf, -P2 Q£, -PZ 
(l) a= L p= E 2 (Incorrect) 
Pf,-Qé, Pé, -Q¢, 
a= » P= 
D E B E (Incorrect) 
l-4 l, —4 
G) a= = 2 B= a 1 (Incorrect) 
Qe, —P?, P. -Q4, 
Q= =i = 
(4) = B E (Correct) 
Correct answer: (4) 
Solution: 
We can write 
P__ hta 
Q 100-4 +ß 
Q (,+a 


and Pp (100-/, +B) 


Solving these two equations for a and B we get the values of a and B as given in option (4). 
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Average Wheatstone Bridge 


24. To obtain the optimum sensitivity of a Wheatstone bridge, for a given ‘want of balance’, 
and with a freedom of choice of arrangment, we should. 


(1) Connect the battery so that resistance in series with the resistance to be measured is greater 


than the resistance in parallel will it. (Correct) 
(2) Connect the battary so that the resistance in series with the resistance to be measured is less 
than the resistance in parallel will it. (Incorrect) 
(3) Interchange the position of the battery and the galvanometer. (Incorrect) 
(4) Usea galvanometer with a reasonable high resistance. (Incorrect) 


Correct answer: (1) 
Solution: 


We can obtain an ideal relation for the sensitivity ofa Wheatstone bridge for a given want of balance. 
However this ideal relation cannot be satisfied in actual working conditions. Hence we look for a rule for 
optimum senstivity ofa wheatstone bridge. The option (1) is a working rule given by Callender for optimum 
senstivity ofa Wheatstone bridge. 


Unit—12 : Current Electricity 
Average Combination of Resistance 


25. An infinite ladder network of resistance is constructed with 1Q and 2Q resistances as 
shown. The 6V battery has negligible resistance. Then the effective resistance between A 











and B is 
A IQ 10 10 10 C 
ANV AWWW AWWW AWWW 
Gd) 12 (Incorrect) 
(2) 20 (Correct) 
3) 30 (Incorrect) 
(4) Infinite (Incorrect) 


Correct answer: (2) 
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Solution: 


Let x be the effective resistance between points A and B. Since the chain is an infininte one this may also be 
taken as the effective resistance ofthe chain beyond the points C and D. Hence the may replace the given 
chain by the equivalent diagram as shown: 


We this have, A 19 C 





ys to 2x 
(4+) eee 
or (x — 1) (2+ x) = 2x 


Simplifying we have, x*—x—2=0 


1+8 
x=1+,/—— =2 or -1 
or Ni 5 


Since the equivalent resistance cannot be negative we have, 





x=20 


Hence option (2) is correct. 


Unit—12 : Current Electricity 
Average Combination of Resistance 


26. Figure shows a network of 5 resistances each of value 4Q connected as shown. The value 
of the resistnace between terminals P and Q is 


B 
(1) 20 (Incorrect) 
(2) 4Q (Correct) 
40 AQ. 
(3) 80 (Incorrect) 
(4) 040 (Incorrect) 
Correct answer: (2) A Pesa c 
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Solution: 


The given network forms a balanced wheatstone bridge. Hence the resistance between AB can be removed. 
All the resistance have value of 4Q . Hence the resistance between points P and Q is also 4Q. 


Hence option (2) is correct. 


Unit—12 : Current Electricity 
Average Combination of Resistances 


27. Six equal resistance each of value x ohm are connected to form a network as shown in 
figure. Then the resistance between A and B is 


Cc 


(1) 2x (Incorrect) 
(2) 6x (Incorrect) 
(3) ⁄ (Correct) 

(4) x (Incorrect) 








Correct answer: (3) 
Solution: 


The upper five resistance between A and B are forming a balanced Wheatstone bridge. Hence there willbe 
no current in arm CO. Hence CO are can be removed. Also resistance ofarm ACB, AOB and AB are all 
in pararllel. 


The effective resistance R is given by 





Hence option (3) is correct. 
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Unit—12 : Current Electricity 
Difficult Combination of Resistances 


28. Figure shows the connections of six resistances each of value x between the points A, B 
and C. Then the net resistance will be maximum between. 


A 





(1) AandB (Correct) 
(2) BandC f (Incorrect) 
(3) AandC (Incorrect) 


(4) The net value of the resistance between A and B; B and C and A and C will be the same. 
(Incorrect) 


Correct answer: (1) 


Solution: 


x x 
In the branch AC the effective resistance is 3 Inthe branch BC the effective resistance is 3 


x x 5x 
-. Resistance in the branch ACB = 3 + aes 


The resistance of branch ACB is in parallel to resistance of branch AB. This effective resistance between 


xx5x/6_ 5 


= —__ =_— x 
Se 376 1I 


4 3 
Similarly the resistance between B and C is T xX and the resistance between A and C is T x, 


Hence option (1) is correct. 
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Unit—12 : Current Electricity 
Difficult Circuit Analysis 


29. A battery, of internal resistance 4, is connected to the network of resistance as shown in 
the following figure. 





To deliver the maximum power to the network the value of, R, should be 


(1) 2 (Correct) 
@ % (Incorrect) 
8 % (Incorrect) 
(4) % (Incorrect) 


Correct answer: (1) 


Solution: 


The given network can be reduced to a balanced Wheatstone bridge as shown. Hence no current flows 
through side BD of 6R resistance. 


The given circuit forther reduces to. 


GE 
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To obtain maximum power, the net external resistance must be equal to total internal resistance. 
n 2R=4 
or R=2Q 


Hence option (1) is correct. 


Unit—12 : Current Electricity 


Average Potentiometer 


30. A potentiometer circuit is shown in figure. x and y being the terminal of an unknown e.m.f. 
It is observed that when the jockey J is at A there is a small deflection in the galvanometer. 
But when the jockey is moved to B the deflection remains in the same direction but increases. 
This happens because 


(1) The main battery is connected in an incorrect manner. (Correct) 
(2) The e.m.f. ofthe main battery is less than unknown e.m. f. (Incorrect) 
(3) The unknown e.m.f. is less than that ofthe main battery. (Incorrect) 
(4) That isa broken connection in the galvanomter circuit. (Incorrect) 


Correct answer: (1) 


Solution: 


Main Battery 





In a potentiometer we balance an unknown e.m.f. against potential drop a portion of length of the 
potentiometer wire. We find that the deflaction is in the same direction and increases as we move from one 
end Ato another and B of the potentiometer wire it is clear that external e.m.f. is superimposing on drop of 
potential across AJ. This indicates the external e.m.f. between points xy is wrongly connected. 


Hence option (1) is correct. 
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31. A potentiometer circuit is shown in figure x and y being 
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Unit—12 : Current Electricity 


Potentiometer 


the tarminals of an unknown e.m.f. It is observed that 

when the jockey J is at A, there is a small deflection in 

the galvanometer and the deflection remains m the same 

direction but decreases when the jockey is moved to B. 4 B 
This is because 


(1) 
(2) 
G) 
(4) 


x y 
The unknown e.m.f. xy is connected incorrectly. (Incorrect) 
The unknown e.m.f. xy is just less than E. (Incorrect) 
The unknown e.m.f. is much less than E. (Incorrect) 


The total drop of potential e.m.f. across the pontentiometer wire is less than the unknown. 
(Correct) 


Correct answer: (4) 


Solution: 


When we find that deflation decreases when we move formend A to the other end B, the unknown emfxy 
is correctly connected. We all not able to obtain a balance point since the total drop of potential across the 
total length of potential meter is less than unknown e.m.f. Hence to obtain the balance we must use source 
battery E ofhigher value of emf. 


Difficult 


Unit—12 : Current Electricity 


Potentiometer 


32. Figuqre shows a potentiometer with a cell of 20 V and 


internal resistance of 0.04Q maintaining a potential 


drop across the resistor wire AB. A standard cell which 
maintains a constant emf 1.02 V gives a balance point 


at 67.3 length of the wire. To ensure very low currents 


drawn from the standard cell, a very high resistance 


of 600kQ is put in series with it which is shorted close G 


to the balance point. The standard cellis replaced by 
a cell of unknown emf E and the balance point found 


241 


UDOON 


A program to give wings to girl students 


similarly turn out to be 82.3 cm length of the wire. The value of E from the above given data 
is found to be 1.25 volt. We wish to determine the emf of, say, a themocouple (or the order 
of a few millivolt. 


(1) To aclieve this measurement we should replace the high resistance of 600 Q with an infinite 
resistance. (Incorrect) 


(2) Increase the potential gradient of the potentiometer wire bya factor ofat least 100. 
(Incorrect) 


(3) Decrease the potential gradient of the potentiometer wire by at least a factor of 100 by connecting 
suitable low resistance in series with the potentiometer wire. (Incorrect) 


(4) Decrease in potential gradient of potentiometer wire by a factor of more than 100 by connecting 
a suitable high resistance in series with the potentiometer wire. (Correct) 


Correct answer: (4) 
Solution: 
The potential gradient of given wire is 
_ 2R v 
PERL om 
Usually R is ofthe order ofa few ohm while L is ofthe order of400 cmto 1000 cm. 


2.0x10 


Hence P= T510 


It follows that the balance length for a small e.m.f. would be only a few cm. We would need to reduce the 
value of s by a factor ofat least hundred or so. This can be achieved by adding a suitable high resistance 
in series with the potentiometer wire. 


Hence option (4) is correct. 


Unit-12 : Current Electricity 


Potentiometer 
33. Which ofthe following statements is correct? 
(1) Apotentiometer can only be used for comparing two e.m.f.’s (Incorrect) 
(2) A potentiometer cannot be used to measure a high e.m. f. (Incorrect) 
(3) A potentiometer cannot be used for measuring thermo e.m.f. (Incorrect) 


(4) Apotentiometer can be used for measuring high emf’s as well as very smalle.m.f.’s (Correct) 
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Correct answer: (4) 
Solution: 


A potentiometer can be used for measuring a high e.m. f. The circuit diagram is shown in figures. Here the 
large e.m.f. to be measured is connected with two resistances R, and R, 


(R, ~100Q R, ~9900Q) 


We first connect 1 and 3 and 2’ and 3’. The potential drop produced across R, due to H. T is balanced 
across a length L, of the potentiometer wire. Then potential drop across R, œ L,. Since R,+R,= 10000 Q 


we can assume that the total potential drop across R, and R, is equal to e.m.f. of high e.m.f. using ohm’s 
law, we can write. 





E 
Potential drop across R= R, +R, R, 
100 p E 
10000 100 
ae 
Œ To 











= =< _ | High emf. 


Drop across potentiometer wire is Es ( R 
2 


r 1 


The potential gradient therefore is Es RL 


The small e.m.f. to be measured is now brought into circuit by making contact between 2 and K. If Lis the 
rilib, 
balance length, the e = small emf = Es RL L 
2 
The circuit shown is used for the measurement of low resistance. Here we set the total potential drop 


across the potentioneles small. 


The small potential drop cross the potentiometer is measured accurately using a standard cell let r be the 
resistence per unit length of potentiometer wire and L is its total length then the current is given by 


eo 
(R,+R,+1) 
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Total potential drop across potentiometer wire E 
E Er 
R +R,+r 





R, A j 
Er hy wyn B 


-, Potential Gradient P 7 (R,+R,+r)L 


We adjust the value of (R + R,) so that p is of the 
order of magnitude required to determine p very 
accurately use is made of standard cell E . With the 
help oftwo way key contact is made between 1 and 
R. The values of R, and R, are altered keeping their 

sum constant till the balance point is obtained of the end of potentiometer wire. Now the potential drop 








across R, is exactly equal to e.m.f. of standard cell. The current I therefore is he . The potential drop 


1 


T 
across potentiometer wire is Es (%, ) . The potential gradient therefore is Es R : T 


The small emfto be measured is now brought into circuit by making connection between 2 and k. IfL’ is 
the balancing length. Then 


1 
t/ e |p’ 
e=smalle.m.f. = (r. Tr, al 


Hence option (4) is correct. 


Unit—12 : Current Electricity 
Average Heating Effect of Current 


34. An electric tea kettle has two heating coils. When one of coils is switched on, the kettle 
begins to boil in 6 minutes. When the other is switched on the kettle begin to boil in 8 
minutes. It boil the coils are switched on simultaneously and connected in parallel then the 
kettle will begin to boil in. 


(1) 14 minutes (Incorrect) 
(2) 205.7 seconds (Correct) 
(3) 7/24 minutes (Incorrect) 
(4) 48 minutes (Incorrect) 


Correct answer: (2) 
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Solution: 


Let t be the time the kettle take to begin boiling when they are connected in parallel. 


v? y? y? 











H= t= t= R, +R, Jt 
Now, R, 1 R, RR, 1 2) 
vt *t 

Thus, R, =—— and R, = = 


pV WAR), gova 
RR, ”? Vt, Vt, 


tt, _6x8_ 24 
t,+t, 6+8 





minute 





or 


= 205.7 s 


Hence option (2) is correct. 


Unit—12 : Current Electricity 
Easy Heating Effect of Current 


35. Lamps A and B have filaments of carbon and tangsten respectively. At room temperature 
the resistance of two bulbs is same. Both are connected in parallel to a 22 V supply. Which 
of the following statements is correct? 


(1) Both bulbs have same intensily (Correct) 
(2) Intensity of bulb A is more than that of B (Incorrect) 
(3) Intensity of bulb A is less than thab B (Incorrect) 


(4) Initially both have same intensity but, after a sufficiently long time, intensity of bulb A is less than 
that of B (Incorrect) 


Correct answer: (1) 
Solution: 


Since both carbon and tengsten have same resistance (say x) and are connected in parallel the potential 
drop across each of then is 220 V. 
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2 


220) 
Q, = heat produced in carbon filament bulb = (220). Carbon 
x 
x 
( 220) Tungsten 
Q, =heat produced in tungsten filament bulb = —— V 
x 3 
QQ, 
Q, 220 


Hence both bulbs have the same intensity. 


Hence option (1) is correct. 


Unit—12 : Current Electricity 
Average Power Consumption in a Circuit 


36. Six Diwali tree lights are arranged in a parallel circuit as shown in figure. Each bulb dissipates 
10 W when operated at 120 V. The total power consumption, of the array, would be (nearly) 


(1) 600 Watt (Incorrect) 








(2) 0.6 Watt (Incorrect) 

(3) 120 Watt (Incorrect) 

(4) 60 Watt (Correct) Fe 
Correct answer: (4) Le 
Solution: Eee 
Resistance of the each buls= R = ve < 14409 Oo 


The given 6 resistance are connected in parallel, therefore equivalent resistance 


sass 120V 
is given by: 
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Hence the power consumed by the given arrangment is given by 


” 


a 120x120 -60W 
R 240 


Hence option (4) is correct. 


Unit-12 : Current Electricity 
Average Heating Effect of Currents 


37. A copper wire, having cross sectional area of 0.5 mm’ and a length of 0.1 m, is initially at 
25°C and thermally insulted from the surroundings a current of 1.0 A is set up in this wire. 


Neglecting the change of resistance with the temperature, the time in which wire will start 
melting is given by : 


(1) (555)s (Incorrect) 
(2) (55.5)s (Correct) 
(3) (5.55)s (Incorrect) 
(4) (0.55)s (Incorrect) 


Melting point of copper = 1050°C 

Spefic resistance of copper = 1.6x10°Q 

Density of copper = 9x10? Kg/m? 

Specific heat capacity of copper = 9x10? Cal/kg °C, 1 Cal= 4.2 J 
Correct answer: (2) 


Solution: 


We can easily see that I’Rt = ms(A@) 


l 
o P G L) = Atd(sA0) 
A 
In above relation p; is the specific resistance and d the density of the copper. 


= A*d(sA®) 
Tp, 


Substituting the values we get 
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(0.5x10°) (9x10°)(9x107 x 4.181050) 


= (10) (1.6x10*) 





=55.58 


Hence option (2) is correct. 


Unit—12 : Current Electricity 
Average Heating Effect of Currents 


38. Two wires, made of tinned copper, having identical cross section and different lengths, are 
used as fuses. Then 


(1) Two wires fuses will melt at different values of the current. (Incorrect) 
(2) Two wire fuses will melt at the same value of current (Correct) 


(3) Two wire fuses will only melt at the same value of the current only if they we of equal lenghts 
(Incorrect) 


(4) Two wires fuses will only melt at the same value of current if they have same resistivity 
(Incorrect) 


Correct answer: (2) 
Solution: 


Ifa current I flows into a fuse wire, the rate of loss ofheat from the fuse wire is given by the relation. 


P= 2r? Or 
p 
Tp 

or Tr 


or Qa P for the same value ofthe current. 
r 


Since the area of cross section of bulb wires is identical, so the radius ofboth the wires will be same. Since 
Q is independent of £ , boththe wires of different lengths will melt at the same value of the current. 


Hence option (2) is correct. 
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Unit—12 : Current Electricity 


Average Heating Effect of Currents 


39. A fuse, with a radius of 0.1 mm blows at 10A. What should be the radius of fuse wire made 
of the same material which melts at 20A? 


(1) 0.5mm (Incorrect) 
(2) 0.05mm (Incorrect) 
(3) 0.159 mm (Correct) 

(4) 0.318 mm (Incorrect) 


Correct answer: (3) 


Solution: 


The relation between the heat produced and current in a fuse wire ofradius r and having same material is 
given by 





P- 2r’ Hr’ 
P 
Hence we have, 


2 _2mH(0.1) 


(10) 





p 
(20) 2 2r Hx? 
p 
(20) xe 





Solving for x we get 
x =0.159mm 


Hence option (3) is correct. 
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Unit—12 : Current Electricity 


Average Heating Effect of Currents 


40. Three equal resistance each of value x ohm are connected as shown in figure. A battery of 
e.m.f. E and internal resistance r is connected across the circuit. To generate maximum 
heat in the circuit, the value of x should be 








E,r 
(1) 3R, (R, being the equivalent resistance ofresistances x) (Incorrect) 
2) 3r (Correct) 
(3) T (Incorrect) 
3x? 
(4) Zz (Incorrect) 


Correct answer: (2) 
Solution: 


If H is the heat produced, then 
H = I'R, t where Iis the current in crcuit and R, is the equivalent resistance. 


E 
Now, I= (R, p r) where r is the internal resistance of the cell. 


d alyd d a 
Also, Rx x x x 
R,=% 
E? 
Hence, H= 7R a 
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dH 
For maximum heat to be produced —— should be zero. 


dx 


E*t 3E°R,t _ 





“Gary (+R) 


or 


l= 2R, or r=R, 
r+R, 





But, R, =(x/3) 


n (x/3) or x=3r 


Hence option (2) is correct. 


Unit-12 : Current Electricity 


Average Resistance Variation with Length, Area & Nature of Material 


41. 


Following figure showns cross section through three long conductor of same length and 
material, with circular cross sections as shown in figure. Conductor B will fit exactly within 
conductor A, and conductor C will fit exactly withing conductor B, relationship between 
their end to end resistance is 





— 
A/p e DA 
= saa 
AIK AVM ART e r? 
= p - = 
(J) R,=R,=R, (Correct) 
(2) R,>R,>R, (Incorrect) 
(3) R,<R,<R, (Incorrect) 
(4) Given data not sufficient (Incorrect) 


Correct answer: (1) 


Solution: 


As the length ofall conductors is equal and 'p' reistivity is also same as they are made up of same material. 
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2 2 ‘ 
Now, area of cross section of conductor A = n| (va ) = (v2a ) l = 71a" 


and of conductor B = n| (va) -(va) | = ma? 


Area of cross section of conductor C= qa? 
~<. Areas of cross section ofthe conductors A, B and C are also equal. 


p 


As resistance ofa conductor is given by R =p A 


s. R =R= Ro 


Hence answer (1) is correct. 


Unit-12 : Current Electricity 
Difficult Grouping of Resistances 


42. The equivalent resistance of the network between points A and B in the given figure. 


14 
(1) y Q (Correct) 
21 6Q 39 
D > Q (Incorrect) 
A B 
18 
O > Q (Incorrect) 
3Q 6Q 
11 
(4) z Q (Incorrect) 


Correct answer: (1) 

Solution: 

Current distribution at point A and B will be similar 
Therefore, circuit can be redrawn like as shown 


Applying KClat junection Q. 
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a Roe er ee ee 
i, +i'-1, =0 i'=i, -i 


V, -Vp = 6i, +3i, 





V -Vg = 6i, —3(i, -i,) +6i, = 15i, —3i, 


= 6i, +3i, =15i, —3i, 


6129 > a (97 |i, 


But, i=i, +i, =i, +i =(%)i 





(eae a E 
5 2 5 5 

Vp —Vo =ixR' 

6i,+3i, =iR' 


(i tae ii 
5 5 





12i Pod 
Ea F = =iR' (Where R’ is the equivalent resistance of Wheatstone bridge) 


a a 

5 

ped 
5 


Hence effective resistance between ponits A & B 


Ed 8 0 a E 
Ra R' 6 R,, 21 6 21x6 21x6 21x2 14 


eq 














R -to 
9 
Alternative (Short cut) 


R’ = equivalent of Wheatstone bridge 
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,_ (P+Q)RS+(R+S)PQ+G(P+Q)(R+S) 
G(P+Q+R+S)+G(P+R)(Q+S) 





Here, P=60,Q=30,R=30,8 =60,G =30 








_ 18x9+9x18+3x9x9 19 


R' = 
3(18)+9x9 5 





Hence effective resistance between point A & B 


1 5 i 14 
——— = — 4+ — = 


R, 12 6 9 


eq 


Hence option (1) is correct 


Unit-12 : Current Electricity 


Difficult Ohm's Law and Current Density 


43. The given figure shows a conductor of length '/' and cross sectional area ‘A’, its conductively 
ol 
Te where ‘x’ is the distance along the axis of the cylinder from one end 


varies as o(x) 


of it. The electric field at each point in the cylinder will be; when is the potential difference 
across its ends is V,. 








2/0 V, 

0 3 Ao, (Incorrect) 
t > 

2 SVN C 
(2) 20%, (Correct) 

2 V, vx 

= ————- 
(3) 3 0% (Incorrect) x 

3 x 
(4) 3 Vo T (Incorrect) 


Correct answer: (2) 
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Solution: 














ZA 








NE i _30Vo 
Current density A 2/0 Ve 





j 2V, Vx 
Electric field (E) = = = z$ y% 
2 


Hence option (2) is correct. 


Unit—12 : Current Electricity 
Average Discharging of Cell 


44. Given graph shows the variation of power dissipated in external resistnace (Load) R, 
delivered by a cell of emf ‘E’, internal resistance ‘r’, when supplying current ‘i’ to the load. 
The value of load corresponding to point A in the given graph is 


d) r (Correct) 

(2) 2r (Incorrect) 
r 

(3) > (Incorrect) 

O Vr (Incorrect) 


Correct answer: (1) 





Solution: 





Current given by the cell of the resistance fT = Ra 
T 
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2 
=(?R= E 


Power dissipated in external resistance (load) p (R F r} R 





d 
Power will be maximum when R 0 


2- <[ER(R +r)’ ] 





Š 3 2 oml 2R 1 
=E? [Rx(R +r) x(-2)+(R+r)° x1] =E Zs | oad 


P 

dR 
2R 1 

(R +r) (R +r) 


For 0, 





z>R=r 


Hence option (1) is correct 


Unit-12 : Current Electricity 


Difficult Potentiometer 


45. In the given figure AB is a potentiometer wire of length 600 cm, the current flowing through 
the galvanometer, if jockey is touched at 560 cm lengths of wire from end A. 


4E E 
(1) Far (Incorrect) 
3E 
(2) Far (Correct) 
7E 
O 35° (Incorrect) 
E 
(4) 55° (Incorrect) 





Correct answer: (2) 
Solution: 


Resistance of potentiometer wire = 1 Sr 
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Resistance of the length 560 cm 


eT | =14r 
600 


Applying KVL in loop APMA 





14ri, +(i ira =0 








—15ri, Me ag 
2 


=> 15ir-ir= z 

2 
Applying KVL to loop AEBA 
-E +ir +ir +i 14r =0 


14ir +2ir =E 


Tir +ir = = 
2 
Solving (1) & (2) 
: E 
i == 
22r 
Putting the value ofi, in equations (2) 


TE . E 
—+t+ir=— 
22 2 


7 -F_7E _4E 
2-99 2 
_ 4E 
1=—r 

22 


4E E _3E 
22r 22r 22r 





Hence current through galvanometer i—i, 


Hence option (2) is correct. 
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Unit—12 : Current Electricity 
Difficult Meter Bridge 


46. Inthe given experimental setup of meter bridge the length of the wire is one meter but its 
radius is increasing linearly from end A to end B which becomes double at end B with 
respect to end A. The null point will be obtained at? 


8Q 16Q 















E K 
(1) 66.67 cm (Incorrect) 
(2) 20cm (Correct) 
(3) 33.33 cm (Incorrect) 
(4) 80cm (Incorrect) 


Correct answer: (2) 
Solution: 


Let ‘dx’ be a small element of length at distance x from end A, and radius ofthe wire at that position will be 


r 
= (eE) =r (1 +x) where r is the radius at end A. 


(Rs 
‘dR’ = Resistance of this element ~ ate (1 4 x) 


x 


pdx p -2 
= 1+x) dx 
9 nr? (l+x) nr? f ) 





R, = far = 
0 





p 1 px 
R, = 1 = 
i 2{ >) m’ (1+x) 
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Similarly resistance of the remaining wire i.e. from J to B. 


R, P fita a=b L A 








2 l+x 
_ p(i-x) 
2 2nr*(1+x) 
As the bridge is balanced at distance x from end A. Hence, 


1 8 or 2x = 
R, 16 (l-x) 2 





2 


=> 4x=1-x or 5x=1 
1 
x=—m=20cm 
5 


Hence option (2) is correct. 


Unit—12 : Current Electricity 


Difficult Grouping of Resistors 
47. Inthe given circuit, each resistance is of 12 Q., the effective resistance between points A 

and B will be 

C 
A 
(2) 90 (Incorrect) 
(3) 120 (Incorrect) 
E 

(4) 10Q (Incorrect) < F 
Correct answer: (1) H G 
Solution: 


As the paths AD and AH are equivalent, hence they carry equal currents i.e. I, therefor current through 
AB is 21, 


The potential difference V between points A and B may be written from the path AB, AHEB, AHGFCB. 
V = (121) 12 
V= 121 + 121, + 121,=(21,+ L)12 
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V = 121, + 12 (1-1,) + 24 (1) + 12 I) + 121 
= (61,— 41) 12 


1 


Hence on elimination of I, and I, 
V=70 


Hence option (1) is correct. 





Unit—12 : Current Electricity 
Difficult Combination of Resistances 


48. The equivalent resistance between points a and c in the given figure will be when each 
resistance is of 8Q 


(1) Zo (Incorrect) 
(2) 8Q (Incorrect) 
(3) 6Q (Correct) 

(4) 320 (Incorrect) 








Correct answer: (3) 
Solution: 


Current distribution in the given figure will be as follows, (due to symmetry at points a and c). 


RO RO 


8Q 





1 1 1 3+1 4 
R. 8 24 24 24 - 


ac 














Hence option (3) is correct. 
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Unit—12 : Current Electricity 
Difficult Power Delivered to a Resistor (Max. Power Transfer Theorem) 
49. Inthe given figure, R is a variable resistor and its value is 1 Q at the time t=0, i.e. when switch 


is closed. It is increasing continuously by an automatic regulator at the rate of 4.0107 ve 


and regulator is switched of when maximum power is delivered (dissipated) in the resistor 
(R), the time for which regulator was on 


(1) 500 second (Incorrect) . 
(2) 400 second (Incorrect) l 

(3) 100 second (Correct) 10V 
(4) 150 second (Incorrect) 





Correct answer: (3) 


Solution: 





Inloop1: -71 -R(L -1,)+5-3I,+10=0 


L(R+10)=15+R, a. (i) 





Inloop2: -5—4I,-6I, +R(I,-1,)=0 
L(10+R)=LR-5 


10+R)L +5 
mal S —S (ii) 





_IR-5 
10+R 





2 


Putting the value of, in equation (i) 








1(R+10)=15+R(7— mene 


10+R ~ 2R +10 


R+15 R-5 
. 7 = L2R+10 _ R-5 
. 22 


10+R 2R+10 
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.. Current flowing through variable resistor R, = I -L 


R+15 (R-5) 10 
2R+10 (2R+10) R+5 
































Hence power dissipated P = (1, -I,) R = 100R : 
(R+5) 
F be i dP _o 
or power to maximum dR = 
=100| -2R x(R +5)” +(R +5)° x1| 
09 = E 
(R+5) (R+5) 
2R 1 
~ (R45) (RES) 2R=R+55R=5Q 


Since rate of increase of resistance is 4.0x107 Q / s. 
~. Time required to attain value (5Q) from 1( Q) willbe 100 seconds. 
ie. R, =R + (time) 

5=1+4x10° xt 


4.0 


(a 
UX 


Hence optino (3) is correct. 


Unit—12 : Current Electricity 
Difficult Heating Effect 


50. In the given figure, the charge supplied by the source varies as a function of time as 
Q=3t-5t’, total heat produced in a resistance of 4 Q will be 
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(1) 2.025 J (Correct) 20 
(2) 1.350J (Incorrect) i 
(3) 4.050 J (Incorrect) 
Source 12Q 4Q, 
(4) 0.750 J (Incorrect) 


Correct answer: (1) 
Solution: 
Current i= =3-10¢ 20 I, 


Hence current in 4Q 


_  ixl2 12i _3i 10 


Š kA 





 12+4 16 4 


i, == (3-10t) 


d 3 
Charge flowing from the source will be zero at t = 0 and will be maximum when = =Oi.e.at t= To: 


Hence total heat produced in 4Q resistor. 








Xo 3 2 
H= |1’ Rat fe 101) 4dt 


9 Xo 3 3 9 ; t Ho t? Xo 
H=-| f 9at+f100t at-f60+at| =—|9(t)“+100] —] -60| — 
4| 4 Aone 3 2 


0 0 
_9 f$ 0o) f 27 o) 2 9 o) 
4| U0 3 (1000 2 (100 


-2 A 81 
4|10 10 10] 40 














J =2.025 J 


Hence option (1) is correct. 
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Unit—12 : Current Electricity 
Difficult Current Density 


51. The current density in a cylindrical wire of radius R = 3cm varies with radial distance ‘r’ as 
mr’, where ‘m’ is a constant having value 2.0x10’ amp/m* and distance ‘r’ is in meter, the 
current flowing through the outer portion of the wire between R/2 and R is 


(1) 0.591A (Correct) 

(2) 0.047A (Incorrect) 
(3) 152A (Incorrect) 
(4) 147A (Incorrect) 





Correct answer: (1) 


Solution: 


Area dA = 2zr dr 
(current) = È j.dA 


$ j-dA = jdAcos® =jdA (as current flows normal to area) 


Hence, I =fjdA = Í mr? 2nd 
3% 


R E R > 
=mx 2n[ r’dr = 2mm E 


% % 








2mm}; R°| 2mm 31R° 
= R x 
5 32 5 32 


_ 2x3.14«2.0x10" vol 
5 32 





x(3x107) =591.34x107 =0.591A 


Hence option (1) is correct. 
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Unit—12 : Current Electricity 
Average Current 


52. The given graph shows the variation of current with time in a circuit for 0 second to 10 
second. It increases upto 12A linearly in 5 second. Then decreases to zero in next five 
second. The charge flowing in the circuit between 2 second and 6 seconds will be 


(1) 60 Coulomb (Incorrect) 

(2) 30Coulomb (Incorrect) 

(3) 24 Coulomb (Incorrect) Current 
(amp) 

(4) 36 Coulomb (Correct) 








Correct answer: (4) O —___—" p 
Time (Seconds) 


Solution: 


The rate of growth of current upto 5 seconds. 


==? =2.4amp/s 


. Current at the end of 2 second = 2.4 x 2 = 4.8 amp 
The rate of decay of current from A to B =—2.4 amp/s 
~. Current at sixth second = 12—2.4= 9.8 amp. 


Hence chrage between 2 second and 6 second 








= area of trapezium PQAR + Area of trapezium RAST t—— 








=(48 112)x34 (12 9.6) x1 


= (25.2 + 10.8) = 36 Coulomb 


Hence option (4) is correct. 


Unit—12 : Current Electricity 
Difficult Unbalanced Wheatstone Bridge 


53. The equivalent resistance between points A and B will be 
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45 





























D i4 Q (Incorrect) 
20 30 
AN, 
115 
2 z Q (Incorrect) 
A 52 B 
175 
3) = 2 (Correct) 
71 AN 
IQ 49 
(4) 25Q (Incorrect) 
Correct answer: (3) 
Solution: 
_ PQ(R+S)+(P+Q)RS+G(P+Q)(R +S) P Q 
“1 G(P+Q+R+S)+(P+R)(Q4S) OS IN 
2x3(1+4)+(2+3)(1x4)+5(2+3)(1+4) G 
a 5(2+3+1+4)+(2+1)(3+4) 
_6%5+5x4+5x5x5 _30+20+125 _175 9 R 5 
5x10+3x7 50+21 71 


Hence option (3) is correct. 


Alternative : can be determined using Kirchoff’s laws. 


Unit-12 : Current Electricity 
Average Current Distribution 


54. Inthe network points AB and C are at potentials of 70V, 0V and 10V respectively. Then 
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(1) Potential at point D is 40V 
(2) The currents in the section AD, DB and DC are in the ratio 1:2:3 
(3) The network draws a totoal power of 360 W. 
(4) Allthe above 
Correct answer: (1) 


Solution: 
V, — Vp =70-V, =10i 


V» -Vp = Vp -0 = 20i, 





Vp -Ve = Vp -10=30(i-i,) 

=> 70-V, =10i or 70- 20i, =10i, 

70 =10(2i,+i) or 70=20(i, +101) a... (1) 
20i, -10 = 30(i-i, ) 


10=-301+501,, 0 ee (2) 
From (1) & (2) 
(70 = 20i,+10i) x 3, or 10 = 50i, - 30i 

220 = 110i, 


220 _ 


i =—— =2A 
110 


Hence V, =20i, = 20x2=40V 


Hence option (1) is correct 


(Correct) 
(Incorrect) 
(Incorrect) 


(Incorrect) 


Unit—12 : Current Electricity 


Aeverage Combination of Resistances 


55. The equivalent resistance between point A & B in the given circuit will be 
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8 
(1) 7 r (Incorrect) 
10 
(2) z r (Incorrect) 
4 A B 
(3) 5 r (Correct) 
22 
@) Zt (Incorrect) 
Correct answer: (3) 
Solution: 
Due tosymmetry of the figure. It can be reduced. 
81/3 
81/3 
1  3+4+3 10 
Re 8r 8r 
sr 28 
7 10 5 
Hence option (3) is correct 
Unit-12 : Current Electricity 
Average Calculation of Resistance 


56. A material of resistivity 'p' is filed in space between two concentric spheres of radius a and 
‘b’ uniformly (a < b), the resistance of this material will be: 
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(1) ree (Incorrect) 
a3. aa) (Incorrect) 
E 11) (Incorrect) 
a E 1-1) (Comrect 


Correct answer: (4) 


Solution: 


Let the resistance of the small element dx of radius x is dR 


dR = 


~R 


-P 
4n 








pdx 

Anx? 
eal 
Ans x 4n| x], 





Fal 


Hence option (4) is correct. 


Unit—12 : Current Electricity 


Average Potentiometer 


57. 


In an arrangement, for the determination of internal resistance of a battery using 
potentiometer, the null point is obatined at 300 cm of the wire when the experimental cell is 


shunted with resistance of 5 Q , when another resistance of 20 Q is connected in parallel to 


this shunt, galvanometer shows no deflection at 270 cm of wire, the internal resistance of 
the cell and the balancing length for the cell without any shunt will be 


(1) 4.00 and 540cm (Correct) 
(2) 0.55Q and 300cm (Incorrect) 
(3) 0.45Q and 270cm (Incorrect) 
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(4) 7.78Q and 435cm (Incorrect) 
Correct answer: (1) 


Solution: 
l 
r= aa 5, where p being balancing length without shunting. 


5x20 _ 


=4Q 
5+25 


When a resistance of 20 Q is joined in parallel to 5 Q the effective shunt = 
r -(5-1}4 
270 
> A 1|5= £ 1/4 
300 270 


¢-300\ _( ¢-270 
=| 6 H 37 J4 =9(£-300)=8(£-270) £=2700—2160 or ?=540cm 




















540 i} 240 | 


i i r= = 
Hence internal resistance ( 300 300 
r=4Q 


Hence option (1) is correct. 


Unit—12 : Current Electricity 


Average Heating Effect of Current 


58. Anichrome Filament heater consumes 100W power at 27°C, when it is used its temperature 
rises to 3027°C, the power consumed by it at the moment when switch is, put on, 
voltage remaining same. Given the temperature coefficient of resistively of nichrome is 


4x10“ K”. 

(1) 90.9 W (Incorrect) 
(2) 220W (Correct) 
(3) 1300 W (Incorrect) 
(4) 7.96 W (Incorrect) 


Correct answer: (2) 


270 


Solution: 
Vv Vv 
P, =—, >R, =— 
Ry Py 
Vv y? 
P =— >R, =— 
R P 


t t 
As, R, =R, (1+ aAt) 
— 


V -Y +cat) 
P P 


t 0 


=> P, =P, (1+aAt) 


=100[1+(3027-27)x4x107 | 
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=100[ 1+3000x4x10~ |] =100x2.2 =200W 


Hence correct option is (2). 


Average 


Unit—12 : Current Electricity 


Grouping of Cells 


59. Two cells A and B of emf 1.5 V and 1.7 V, internal resistances r, and r, respecting are 
arranged as shown in figure, the voltmeter reads 1.6V (the voltmeter is ideal) the relationship 


between r, and r, will be. 


(1) +r =3r 


1 2 


(2) 4, =-3r, 


(3) r,=2r 
(4) 4,=2r 


2 


1 


Correct answer: (1) 


Solution: 








1.65= 1.541, => Lr, = 1.65-1.5=0.15 





Also, 1.65 = 1.7-Lr, 


(Correct) 
(Incorrect) 


(Incorrect) 





(Incorrect) 





Ideal Voltmeter 


Lr,= 1.70-1.65 = .05 
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g _015 -3 
Dividing n 05 
>n =3nf 


Hence option (1) is correct. 


Unit-12 : Current Electricity 
Average Potentiometer 


60. The given figure shows a potentiometer wire of length 400 cm resistance ‘r’ and uniform 
area of cross section, A driver cell of 5.0 V along with a variable resistance ‘R’ is connected 
across it, to supply the current. During an experiment the null point is obtained at the 
length 160 cm, when R = 0 and at 320 cm for certain value of R from end A, the emf of the 
experimental cell (E) and the value of variable resistance R will be 





(1) 2Vand1.25r (Correct) 5.0V R 

(2) 1.0V and 3r (Incorrect) 

(3) 2.0V and 3.5r (Incorrect) 

(4) 1.0V and 2.5r (Incorrect) A IOo J B 


Correct answer: (1) 
Solution: 


From figure, when the value ofresistance R = 0 


. 5.0 
then current in the potentiometer wire 1, = ra A 


Hence potential drop across the wire = 5.0 V 


© 


.. Potential gradient k = 5. 


LE 
4 


> 
> 


Since cell ofemf ‘E’ is balanced at 160 cm length ofthe wire, therefore 


E=ké =5x1.6=2.0V 


) 5. 
Now current becomes 1, = Ret when resistance R has certain value. 
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: Sr 

.. Potential drop across the whole length ofthe wire =1,t = Rat 

Sr eee 
Now potential gradient k' = ———— and null point is obatined at 360 cm 

4(R +r) 
2 Pete's 20=—" 46 
4(R+r) 
20= 4.5r 
R+r 


2.0 or + 2.0r = 4.5r 


2.5r=2.0R 
R= 2 =1.25r 
2.0 


Hence option (1) is correct. 


Unit-12 : Current Electricity 
Average Current Distribution 


61. Inthe given figure, ideal voltmeter reads 30V when connected across 15Q resistance. 


Then potential difference across B and C and the resistance R is given by 





(1) 15V and42.5Q respectively (Correct) 
(2) 10Vand40Q respectively (Incorrect) 
(3) -15Vand42.5Q respectively (Incorrect) 
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(4) -10Vand70Q respectively (Incorrect) 
Correct answer: (1) 


Solution: 


i. . 30 
The current flowing in branch BD is Tie 2A 


<. Current in branch BC = 3A 
Hence potential difference between points B & C =3x5=15V 
Applying KVL to loop BDCB 
—15x2 —IR+100+5x3 = 0 
IR= —30+15+100 
2xR = 115-30 = 85 V 


R=% 42.50 


Hence option (1) is correct. 
Unit—12 : Current Electricity 


Average Combination of Resistances 


62. Inthe given figure, each resistance is of 6©,, the effective resistance between points A and 








B will be 5 
(1) 3.5Q (Incorrect) n 

(2) 59 (Correct) 

(3) 72Q (Incorrect) 

(4) 4.50 (Incorrect) 


Correct answer: (2) 


Solution: 


I 
Let current I enters at point A, and divide into three branches equally i.e. 3° Due to symmetry same 


current will leave at end B. 
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Option (2) is correct. 


Unit—12 : Current Electricity 
Average Resistance of conductors 


63. Two conductos, one solid and other hollow are made up of same material, the length of solid 
conductor is twice the length of hollow conductor and diameter is D, while the outer diameter 
of hollow conductor is 2D and inner is D, the ratio of resistance between the ends of two 


conductor will be 

(1) 2:3 (Incorrect) 
(2) 1:6 (Incorrect) 
(3) 3:2 (Correct) 
(4) 3:1 (Incorrect) 


Correct answer: (3) 

















Solution: 
20 8p 
R= Pr = op 
= 
4 
l l6pé 
R = = 
25P nD? nD? 3nD? 
4 16 
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8p£ 
R; 1D? ee 3.2 
R, 16pé 16 

3nD? 


Hence option (3) is correct. 


Unit—12 : Current Electricity 


Average Potentiometer 


64. In the following circuit, the potential difference between the points C and D is balanced 
against 40 cm length of the potentiometer wire, in order to balance the potential difference 
between the points B and C, where should jockey on the wire be pressed? 


(1) 10cm (Incorrect) 
(2) 40cm (Incorrect) 
(3) 60cm (Incorrect) 
(4) 20cm (Incorrect) 


Correct answer: (4) 
Solution: 


Current in loop AKBCDA 


5.0+1x0.54+1x«1.5+31=0 








SI=5 I=1A 
Hence potential difference between points D and C =3x1=3V 
and between points C and B = 1.5x1=1.5 V 


According to given figure 








V, 


DC 


3 
Kx40>3=Kx40 >K oe 


Now, Va =Kxl>¢ = 20cm 








Hence option (4) is correct. 
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Unit—12 : Current Electricity 
Average Current Distribution 


65. Inthe given circuit, the battery of emf 2.0 V and internal resistance 1.0Q is connected to 
an external resistance 50, the resistance of voltmeter and ammeter are 200Q and 


2.0Q respectively. The readings of voltmeter and ammeter will be, when switch ‘S’ is 






connected to point A. 

20V 100 
(1) 3.72 V &0.047A (Incorrect) ‘ 
(2) 1.86 V & 0.093 A (Incorrect) 
(3) 3.72 V & 0.093 A (Incorrect) 
(4) 1.86 V & 0.047 A (Correct) 


Correct answer: (4) 
Solution: 


Net resistance ofthe combination. 


= 30x200 +20410=40 
200 +50 
Hence current i drawn from the cell. 
20V 10 
, 2 
1=—A 
43 

In loop PQRS 


i 


= Ammeter 


Resistance 









50i, +200(i-i,)=0 
200i = 250i, or 4i =5i, 


R 
i= 4 xi- 4 x 9 we 8 6 a Resistance 
5 5 43 215 














242 14 _= 4 
š = 


Hence current through voltmeter = i—i, ae a ae TE 


4 
Hence voltmeter reading = 200 x F =3.72 


2 
Ammeter readind = B =0.047A 
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Unit—12 : Current Electricity 
Easy Calculation of Current 


66. Theelectron in an hydrogen atom moves in a circular orbit of radius 5x10" m with a speed 


of 0.67x10° m/s, then 

(1) The frequency of the electron is 3x10" revolutions (Incorrect) 
(2) The electron carries 3.2 10~'°C charge around the loop (Incorrect) 
(3) The current in the orbit is 0.96 mA (Correct) 
(4) The current flows in the same direction in which electrons move (Incorrect) 


Correct answer: (3) 





Solution: 
jo 4-4 _ 40 
T (=) Qn 
(O) 
v 
Also, ® = — 
r 


qv _ 16x10 x0.6x1}n 
2nr 2x5x10" 





I= =0.96 mA 


Hence option (3) is correct. 
Unit-12 : Current Electricity 


Average Potential Differnece 


67. Inthe circuit shown, the cell is ideal, with emf 10V, each resistance is of 2 Q , the potential 





difference across the capacitor is 3uF 
20 B yh 

(1) 12V (Incorrect) 

(2) 10V (Incorrect) 

(3) 8V (Correct) 

(4) zero (Incorrect) 





Correct answer: (3) 


10V 
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Solution: 


No current will flow through the branch containing capacitor. 


Rex -(23)2-2o0 








4+2 3 
V 10 
Hence current drawn from the cell I = =—=3A 
R eff 1% 


<. Current in branch ABC =1A 


Hence p.d. between points B & D 


=(V,-Vo)+(Ve -Vp) 











2x1+2x3=2+6=8V 


Hence option (3) is correct. 


Unit-12 : Current Electricity 
Easy (Knowledge Based) Current Density 


68. Two bars of radius r and 2r are kept in contact as shown in figure, an electric current i is 
passed through bars, which one of the following statement is cuuret; 


— L2 — 


| L2— 


C 
A B 
(1) Heat produced in bar BC is 4 time the heat produced in bar AB (Correct) 
(2) Electric field in both bars have the same value (Incorrect) 
(3) Current density across AB is double that of across BC (Incorrect) 
(4) Potential difference across AB is 4 time that ofacross BC (Incorrect) 


Correct answer: (1) 
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Solution: 


As the resistance of Bar BC will be four time of resistance of Bar AB. 


1 
(Area) Apc = gô 


Rpc =4timesof R ,, 


Heat produced H =i°Rt 
For same current heat produced will be four times. 


Hence option (1) is correct. 


Unit-12 : Current Electricity 
Average Effect on Resistance on Stretching 


69. A wire of resistance 16Q is cut into four equal parts, each part is stretched to the original 


length of the wire, then each streteched part first connected in series than in parallel, the 
ratio of resistance will be. 


(1) 16:1 (Correct) 
(2) 1:16 (Incorrect) 
(3) 4:1 (Incorrect) 
(4) 1:4 (Incorrect) 


Correct answer: (1) 


Solution: 
Resistance ofeach part on cutting = 4Q 
After stretching resistance of each part will be 16 times = 64.9 
Effective resistance in series = 64 x 4 = 256Q 
; ; ; 64 
Effective resistance in parallel a 169 
z. Ratio of resistances in series to parallel = 256: 16 
=16:1 


Hence option (1) is correct. 
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Unit—12 : Current Electricity 
Average Combination of Resistance and Division of Current in Parallel Combination 


70. The current of 3A flows in the combination of resistance as shown in figure, the potential 
difference between points A and B. Will be 








40 A 60, 
(1) +0.75 V (Incorrect) 
(2) zero (Incorrect) c 
(3) 8.25V (Incorrect) 34 D 
(4) -0.75 V (Correct) 
Correct answer: (4) 20 B 49 
Solution: 
The given circuit can be reduced to the circuit as shown here 
Current in 10 Q resistance awe 
x I, 
Doan A 
Current in 6 Q resistance ao see ee T 
10+6 16 8 2 60 


9 9 
From given figure Ve — V, = H 4= W =4.5V 





Ve -Vp = x2= 2v =3.75V 








Hence, (Ve — Vg )-(Ve -V )=3.75-4.5 = —0.75V 


Hence option (4) is correct 


Unit-12 : Current Electricity 


Average Cell and Distribution of Current 


71. Inthe given figure, the emf of the battery will be 
20 P 20 Q 10 
AMW AWWW 
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(1) 12V (Incorrect) 
(2) 13V (Correct) 
(3) 16V (Incorrect) 
(4) 18V (Incorrect) 


Correct answer: (2) 

Solution: 

Current entering at point Q is 2A as it will divide equally. 
Hence current through PQ =2A 

and current in branch PQRS = 2A 


6 
<. Current in branch PS = a =1.5A 


<. Therefore current drawn from cell=(2.0+ 1.5)A=3.5A 


12 26 
Total resistance in the circuit =2 Q + = Q = es Q 


26 
Hence emf E = IR Pe ae 


Hence option (2) is correct. 


Unit—12 : Current Electricity 
Average Distribution of Current 


72. In the given circuit diagram, the current flowing through branch ab and bd will be: 





(1) 2.5A and 10A (Incorrect) 20 
(2) OAand 10A (Incorrect) 
(3) OAand2.5A (Incorrect) d 2 a a b 
(4) 2.5Aand0A (Correct) 
Correct answer: (4) 
Solution: 20 € 2Q 


The resistance between the points b and d becomes ineffective in the circuit, because points b and d are 
equal potential points. 
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hence current in branch bd = 0A 


10 
Current in branch ab = x =2.5A 





Hence correct option is (4). 








Unit-12 : Current Electricity 
Average Distribution of Current 


73. Inthe given circuit, current through branch de and the ammeter reading will be 











9 a 
(1) OAand 3 A (Incorrect) 
9 
(2) OAand 40 A (Incorrect) 
(3) OAandlA (Correct) 
(4) 0.5Aand0.5A (Incorrect) 


Correct answer: (3) 





Solution: 
99 


The effective resistance 
between points a and f. 


9V 
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. 9 
Hence current drawn from battery i = a 1A 


Therefore current through branch de = 0 (d and e being equal potential points, and ammeter reading 1A). 


Hence option (3) is correct. 


Unit—12 : Current Electricity 


Easy Combination of Resistances 


n 
74. Two resistances R, and R, provides series to parallel equivalents as (=), the correct 


relationship between R,, R, and is 


RY [Ra] <9 

(1) R, R, (Incorrect) 

o (By {By an fe 
R, R, ncorrect) 
R; R, = 

(3) R, R, O” (Incorrect) 


x% 5 
R R, y 
(4) ta {2 = Vn (Correct) 


Correct answer: (4) 
Solution: 
In series R,=R, +R, 


R, = RR, 
In parallel *p R,+R, 





R, on 
Rp 


Given, 1 


(R+R,) n, RR, op 


RR, 1 JR,xR, 
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Hence alternative (4) is correct. 


Unit—12 : Current Electricity 
Average Resistance 


75. A hollow cylinder of length '¢' and radii a and b is filled with a material of resistivity 'p' and 
is connected to a battery of emf ‘E’ through an ammeter, the reading of ammeter will be 


E2né 
(1) plog.(%) (Correct) 
E2né 
(2) plog,(%) (Incorrect) 
(3) infinite (Incorrect) 
(4) zero (Incorrect) 





Correct answer: (1) 





Solution: 
oe . ; pdx 
Resistance ofan imaginary cylinder of radius x, thickness dx, dR = p 
ppd ppl P 5 
So the resistance of given cylinder (R = Lar log, (% ) 
+ 2nxl 2nls 2nt 


2TlE 


Hence reading ofammeter I = Poo 
R plog, (%) 


Hence option (1) is correct. 
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Unit—12 : Current Electricity 
Easy Temperature Dependence of Resistance 


76. A piece of silver and another of germanium cooled from room temperature to 85K. Then 
the resistance of 


(1) Each of then increases (Incorrect) 
(2) Each ofthen decreases (Incorrect) 
(3) That ofsilver increases and germanium decreases (Incorrect) 
(4) That ofsilver decreases and that of germanium decreases (Correct) 


Correct answer: (4) 
Solution: 


Silver is a metal and germanium is a semi conductor. Resistance of metal decrease and that ofa semi 
conductor increases with decreases in temperature. 


Hence option (4) is correct 


Unit—12 : Current Electricity 
Average Using Ohm's Law 


77. Ina discharge tube the number of hydrogen ions drifting across a cross section per second 
is n, while the number of electrons drifting in the opposite direction across another cross 
section is n,. If the supply voltage is V, the effective resistance, of the tube is 








V 
(1) (n, —n, Je (Incorrect) 
V 
(2) (n, +n, )e (Correct) 
eV 
(3) n, -n, (Incorrect) 
eV 
(© ntn, (Incorrect) 


Correct answer: (2) 
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Solution: 


The effective current in the tube will be obtained by adding the current due to flow of protons in one 
direction and the flow of electrons in opposite direction. Hence the total current through the tube is (n,+n_)lel. 


Now from Ohm’s law, the resistance of the tube is given by 


Unit—12 : Current Electricity 
Average Driff Velocity 


78. A silver wire has a radius of 0.1 cm and carries a current of 2A. The drift velocity of the 
electron in the silver wire is: 


We are given: 

Auogaidro’s number = 6.023 x 10” 
Atomic weight of silver = 108 
Density of silver 10.5 10? Kg/m? 
Charge on the electron = 1.6x10°?C 


(1) 7x10* m/s (Correct) 
(2) 7x10% m/s (Incorrect) 
(3) 7x10° m/s (Incorrect) 
(4) 0.7 (Incorrect) 


Correct answer: (1) 

Solution: 

Since the valence of silver is one so each atom of silver can be assumed to contribute one electron. 
By Avogadro’s law, we have 1g mole of substance = 6.023 10” atoms 

Hence number of electrons per unit volume will be 


6.023 x107 
n = — = 


r x10.5x10° = 5.86 x10" /m’ 
x 


Cross sectional area = nr? =3.14x10~° m? 
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Now we know I= nevA where vis the drift velocity. 


I 2 
ae _ 
neA 5.86x107% «1.6x10°" x3.14x10° 





or v=7xl0‘%m/s 


Hence option (1) is correct. 


Unit—12 : Current Electricity 
Average Factors Affecting Resistance 


79. Aone meter long metallic wire is broken into two unequal parts P and Q. P part of the wire 
is uniformly extended into another wire R. Length of R is twice the length of P and resistance 
of R is equal to that of Q. The ratio of the resistance of P and R, is 


(1) : (Incorrect) 
1 

(2) 4 (Correct) 
1 

(3) 3 (Incorrect) 
1 

(4) T6 (Incorrect) 


Correct answer: (2) 

Solution: 

Let ¢ be the length of part P ofthe wire. 
The length of wire R =2/ 

Length ofwire Q =1-£ 

Mass of P = Mass of R 


mr, ld = mr, 20d 


N 


2 
= 2r or Ip = V2 Tp 


Er 
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l 1-2 
Than, R, = £5, Rant a 
Tt, nr 
24 
and Rp =P— 
nr 
R 2 2 
Hence, — = R= Tr See 
Re 2 2V2%) 4 


Hence option (2) is correct. 


Unit—12 : Current Electricity 
Average Heating Effects of Currents 


80. A wire, of resistance r, connects points A and B; two points in a circuit; the resistance of the 
remainder of which is R. Without any other charge being made A and B are also connected 
by (n-1) other wires, the resistance of each of which is r. Then the heat produced in the n 
wires null be greater than that produced in the first wire; if 


(1) r> (vn ) R (Incorrect) r R 
A B 

(2) r= (vn ) R (Incorrect) 

(3) r<VnR (Correct) \ 

(4) r> ( n-l ) R (Incorrect) 


Correct answer: (3) 








Solution: 
In the first case have, why 
H, = heat produced per second in the wire r = i?r 
E? 
o ms i 
(R+r) }__\ 


E 


. . . : : T 
In the second case the n wire are are connected in parallel having are equivalent resistance A 
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2 
or H, = hi 
" (nR+r) 


H, n(R+r) 


H, (nR +t) 


IfH, > H, then we must have, 





2 


n(R +r) >(nR +r) 
or nf R?+2Rr+r? ]>n?R? +2nRr +r’ 
or  nR?-n’R? >? — nr’ 
nR?(1-n?)>r’(1-n) 
nR >r’ 


r 


Vn 
or r<(vn)R 


Hence option (3) is correct. 


R> 


81. The supply voltage to a room is 120 V. The resistance of the lead wires is 6 Q . A60 W bulb 


is already switched on. What is the decrease of voltage across the bulb, when a 240 W 
heater is switched on in parallel to the bulb? 


(1) 2.9 Volt 
(2) 13.3 Volt 
(3) 10.04 Volt 
(4) zero Volt 
Correct answer: (3) (IIT 2013) 
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Solution: 
Heater 


120x120 
‘R’ for bulb = = 240 Q 





ANNAN 
‘R’ for Heater = zoa Q=60 Q 6Q Bulb 


Voltage, across the bulb, 








120 | 
(i) Before heater is switched on V, = —~x240 V | | 


246 120V 
7 . À 120 
(ii) After heat is switched on V, = z4 x48 V 
; -120| 240 _48 |y 
.. Decrease in voltage = V —V, = 240 54 


=10.04V 
Hence option (3) is correct. 


82. Ina large building, there are 15 bulbs of 40 W, 5 bulbs of 100 W, 5 fans of 80 W and 1 
heater of 1 kW. The voltage of the electric mains is 220 V. The minimum capacity of the 
main fuse of the building will be: 


(1) 12A 

(2) 14A 

(3) 8A 

(4) 10A 
Correct answer: (1) (IIT 2014) 
Solution: 
Total power ofall the devices 


=[15 x 40 x 5 x 100+ 5 x 80+ 1 x 1000] W = 2500 W 


oe =11.36A 212A 





<. Current = 


<. Minimum capacity ofthe main fuse should be 12 A. 


Hence option (1) is correct. 
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83. When 5V potential difference is applied across a wire of length 0.1m, the drift speed of 
electrons 2.5x10~ ms“. If the electron density of the wire is 8 x 10°? m~”, the resistivity of 
the materials is close to 


(1) 1.6x10°OQm 
(2) 1.6x10°OQm 
(3) 1.6x10%Qm 
(4) 1.6x107 Qm 
Correct answer: (2) (IIT 2015) 


Solution: 


pL V_ vV 
R= =— =—— 
A I neAv, 


oV 1l 
neV, L 





-p 


=1.6x10° Q -m 
Hence option (2) is correct. 


84. Inthe circuit shown, the current in the 1Q resistor is: 


(1) 0.13 A, from Q to P iM p20 

(2) 0.13A, from PtoQ 

(3) 1.3A, fromPtoQ Ia i 

(4) 0A 

3Q Q 3a 
Correct answer: (1) (IIT 2015) 
Solution: 
6V 10 9V 
30 50 


By using Kirchoff’s laws, we find the current in the 1 Q resistor, as per option (1). 
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85. The temperature dependence of resisatnces of Cu and undoped Si in the temperature range 
300-400K, is best described by: 


(1) Linear increase for Cu, exponential increase for Si 

(2) Linear increase for Cu, exponential decrease for Si 

(3) Linear decrease for Cu, linear decrease for Si 

(4) Linear increase for Cu, linear increase for Si 
Correct answer: (2) (IIT 2016) 
Solution: 
For conductors 


Resistance increases linearly (for not to large increase in temperature) with temperature. 


For semi-conductors 


Resistance decreases non-linearly is an (almost) exponential way. 


Hence option (2) is correct. 
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UNIT-13 : MAGNETIC EFFECTS OF 
CURRENT AND MAGNETISM 


Learning Objectives 


After going through this unit you will be able to understand, appreciate and apply the following concept as: 


Basic ideas related to Biot Savart law. 

Application of Biot Savart law to a current carrying circular coil. 

Ampere’s (circulated) law. 

Applying Ampere’s law to a (1) long straight current carrying wire and (ii) solenoid. 
Force ona moving charge in uniform electric and magnetic fields — concept ofLorentz force. 
Cyclotron — its principle of working. 

Force ona current carrying conductor in a uniform magnetic field. 

Definition of the (SI) unit of current — the ampere. 

Torque expereinced by a current loop ina uniform magnetic field. 

Moving coil galvanometer — its principle and working. 

Current sensitivity ofa moving coil galvanometer — factors affecting it. 

Conversion ofa given moving coil galvanometer into (i) an ammeter (ii) a voltmeter. 
Equivalent magnetic dipole moment ofa current carrying loop. 

Equivalence between a bar magnet and a current carrying solenoid. 

Magnetic field lines. 

Magnetic field of the earth. 

The (magnetic) elements of earth’s magnetic field. 

Classification of different materials into para, dia and ferromagnetic materials. 
Magnetic susceptibility, permeability, hysteresis. 


Differences, similarities and uses of electromagnets and permanent magnets. 
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MAGNETIC EFFECTS OF CURRENT 





























Motion of Charged Particles Biot and Savrot Law Amprer’s Circuital Law 































Ina Lateñiz’s Field Field Field Field due | | Field due 
Electric á Force i due to a due to due to toa toa 
Field Straight a a Solenoid | | Torraid 













Circular || Solenoid 


Coil 


Conductor 
Cyclotron 







FORCE AND TORQUE 


Force on a Force Torque on a 
current between two current 
carrying long current carrying 

conductor carrying coil 


MOVING COIL GALVANOMETER 
parallel 


Asa Asa 
Voltmeter Ammeter 
conductors 


MAGNETISM 
Terestrial or Earth’s Magnentism 















Magnetisation and Magnetic 
Intesity 


B = p, (H+M) 


Classification of 
Magnetic Materials 
Para Dia Ferro 
Magnetics] | Magnetics] | Magnetics 


Current 
loop 
as a 

magnetic 
dipole 





Equivalence 
toa 


solenoid of Earth’s 






Field 


Dipole ina 
uniform 
magnetic field 
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Magnetic Effects of Current 


In 1802, an Italian jurist Romagnosi discovered that a current carrying wire affects a nearby magnetic 
needle in much the same way as a magnet affects it. In 1820 Oersted made a similar observation. It was 
Ampere who made a significant contribution in further understanding of the magnetic effects, associated 
with currents. Biot and Savart then experimentally established the factors, on which the magnetic field 
produced by a current carrying conductor, depends. 


Biot and Savart Law 


Let us consider a current carrying conductor xy and let P be a point where the H 
magnetic field is to be calculated. Let RS be a current element of length d/. It 
was found that magnitude of dB, is 


(i) directly proportional to current, i, through the conductor. 


(i) inversely proportional to square of distance r, of the point P fromthe  ş 
current element and (iii) directly proportional to dé sing where Q is 





the angle bewteen the current element d£ and the radius vector r. 





Combning these we get 
\aB| m id/ ou 
r 
idésin® 
or dB =K r 


where K is a constant of proportionality 


The constant K is analogus to constant ofproportionality appearing in Coulomb’s law. It depends upon the 
system ofunits. In SI units K is choosen, experimentally, (keeping in mind that the unit ofthe current is the 
‘ampere’) to have the value. 


k=" 
4r 


Here u, is a constanst, called the PERMEABILITY of free space, and its value is 


4x107 weber 
ampere meter 
idl sin 0 
Hence |dB| = Ho csm? 
4n r 
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To incorporate the direction, we have to write 


aj- t2 id xr 
An or 










one deia Axisof Thus dB is always perpendicular to the plane formed by r and 
to r and dl ye dé as shown. This can be further understood by imagining a 
Plane of right hand screw to be placed at P such that it is normal to the 


rand dl 







plane formed by d£ and r. Rotate the screw in the dirction that 
makes dé coincide with r. The direction of advancement of this 


Line of screw than gives the direction of dB. 


dl induction 






Using Biot and Savart law, we can forma general 
procedure for carrying out mathematical calculations. We can show that for straight wire, 
carrying a current i, 


|B| = aa [cos a +cos y] 
Tr 
For an infinitely long straight wire, we have, 


inthis limiting case, both q and y tending 
to zero. Thus, for an infinite straight wire, 


Current 
Current 


| 





B|- £% 
2nr 
The pattern of field lines of this magnetic field is shown in 
figure. We have the so called right hand thumb rule to find 
the direction of this field. 


(o>) 


Vagnetic field Magnetic 
field 


According to this rule — “If we grasp the straight conductor 
in the palm of our right hand so that the thumb points in the direction of flow of current, the sense in which 
fingers curl, gives the direction of the magnetic field lines”. 


Example-1 : 


Show that the magnetic field at the centre of a rectangular 
coil, of sides / and b, carrying a current I, is given by 


2 2 
jp} = “Het Lo +b 
(ntb) 
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Solution : 
Denoting by /, and £, the distances of two ends of the wire, from the foot of the perpendicular, drawn 


from the field point, on a wire of finite length, we can write. 


[B| _ Hol l , l, 
4ra Jeta JE +a 


Now the direction of field due to all the wires, AB & BC, CD and DA are the same; perpendicular to the 
plane ofthe rectangle and directed outward. 








The field at O, due to the wires AB and CD are equal and is given by 








Ags ORA Be 


Similarly the fields, due to wires BC and DA, at O, are equal and is given by 


b b 
2 2 





[B,| _— hd 


of IA E 


2 


Hence the net magnetic field, at O, is 
[B| = 2[B,| +2|B,| 
Substituting the values and simplifying we get 


2u IVe +b? 
B= 
(nbl ) 
Field due to a Circular Coil (i) at a Point on the Axis of the Coil and (ii) at the Centre of the 
Circular Coil 


To calculated the field due to a circular coil at point P on it axis (see figure) we take a element AB of the 
circular coil. The field due to this element is 
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io id? ey 
— Ho Ide -90° 
Ba E (0=90°) BoA 
1 
We resolve this field into perpendicular component (dBcosf) and parallel — — --: 
F : 1 
component (dBsin $). Now ifwe take a 
A’ B 


symmetrically situated element A’B’ on the 
opposite end of the diameter and similarly 
resolve into parallel and perpendicular components and add the field 
component’s due to these two elements we find that the perpendicular 
components cancels out. Whatever is true for one pair of elements is 
also trace for every other pair. Hence we conclude that the field due to 
a circular coil at a point other on its axis is along the axis of the coil and 
is given by 





a 
Now sinB=— and r? =a’ +x? 
r 


Putting these values we obtain, after integration. 





p- 2 
ý 2 (a? +2)’ 


At the centre of the coil, x = 0 and we have 


pall 
2a 


There is a simple rule for finding the polarity of the two faces of 
a current carrying circular coil. According to the rule when an 

observer looking at the circular coil, finds the current to be SS 
flowing in the anticlockwise sense that face of the coil behaves (N-POLE) (S-POLE) 
like the N—pole of the equivalent magnet. On the other hand, if 
the current is seem to flow in the clockwise sense that face of 
the coil behaves like the S—pole ofthe equivalent magnet. 


(a) Anticlockwise current (b) Clockwise current 
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‘Far Off’ Field of a Circular Coil 


In the expression 


Hoia ‘ 


B| = ———— 
I 2(a? +x?) 


ifwe have x >> a? than the field due to a circular coil, at a far off point on its axis, becomes equal to 


jpj- Hole _ BoA (A=m?) 


We will discuss later that a current carrying circular loop is equivalent to a magnetic dipole with dipole 


magnetic moment |m| equal to (iA) where A is the area a of the loop andi the current flowing in the loop. 


Hence we can will be 
|= 
21x 


which can be shown to be the field due to a (small) magnetic dipole at a far off point. 

Hence a current carrying circular loop behaves like a magnetic dipole with magnetic moment. 
|m| =iA 

Example—2 : 


A straight wire, carrying a current of 12A is bent into a semicircular arc of radius 2cm, as shown. 
What is the direction and magnitude of B at the centre of the arc? What will happen if the wires 
were bent into a semicircular arc of the same radius but in the opposite sense as shown? 


SY ep 


The magnetic field at the centre ofa circular coil of radius r is given by 


Solution : 


pa bol 
2r 


Hence the magnetic field, at the centre ofa semicircular arc, of radius, r, would be given by 
1( poi) Hel 
l= 3( Het) tt 
2\ 2r 4r 
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-7 
Hence B-40 pei .9x10”T 
4x0.02 


The field, would be normal to the plane of paper, going into it. 
In the second case, the field would be normal to the plane of paper but going out ofit. 
Example-3 : 


If the field, normal to the plane of a wire of n turns and radius r, carrying a current i, is measured 
on the axis of coil, at a small distance h, from the centre of the coil, show that it is smaller than 


2 


3 
the field at the centre, by the fraction a oe 
r 


Solution : 


The magnetic field B, at a point on the axis distant h from the centre, is given by 











Bz Nir? 
2(r + n?y’ 
7 HoNi 
The field B, at the centre ofthe coil is Bo = p 
Ni 2 
Be -B Hoi HNi 7 7 
2r (P+R?) 
Nil 1 r 





or ne Be B=? 
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The fractional decrease in the field is given by 





ui) 3h 
(B.—-B) _ 2 2r? 3 h? 
Be uNi Ar 
2r 
Example—4 : 


T 
A straight wire, of length (z) m , is bent into a circular shape. If the wire were to carry a current 


of 5A, calculate the magnetic field due to it, before bending, at a point distance 0.01 times the 
radius of the circle formed from it. Also calculate the magnetic field at the centre of the circular 
loop formed for the same value of current. 


Solution : 


The radius, r, of the circular coil, is given by 27r = E n r= jm =0.25m 


When the wire is straight, the distance of the field point is r’=0.01 r= (0.01 x 0.25) m 


It is obvious that this distance is very small as compared to the length of the wire. (.. wire can be taken of 
infinite length). 


<. Magnetic field due to the straight wire is 


_ Hg _ 2x107 x5 
2m 0.01x0.25 


T=4x107T 





The magnetic field, at the centre of the circle, carrying a current of 5A, is given by 





Lyi 107x5 
Buop meat aan 
2r 2x0.25 
=1,25x10° T 
Example-S : 


In the Bohr model of the hydrogen atom the electron circulaters around nucleus in an orbit of 
radius 5.1x10-" m at a frequency of 6.8x10" Hz. Find the value of B set up at the centre of the 
orbit. 
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Solution : 


é į _ charge a Sade 1 
ince ime and time period = Fequency 





We have, į = ev 
i=(1.6x10™ x6.8x10")A =1.1 x 10°A 
Hence the magnetic field, at the centre ofthe circular orbit, is 


i 4nx107 x1.1x107 
pa be -x XX T =13.55T 
2r 2x5.1x10 





(It is quite a large magnetic field indeed!) 


Field due to a Solenoid 


A solenoid consists ofa large number of turns of (insulated) wire wound very closely on an appropriate 
cylindrical core. Let us calculate the field due to a solenoid at a point P on its axis. Let the solenoid be 


N 
wound with N turns of wire and let a and L be its radius and length. We than have n = T’ where n is the 


number of turns per unit length. 


~ Region of uniform Closely wound 
magnetic field solenoidal coils 











Let P be any point on the axis of the solenoid 

The magnetic field at this point due to any one turn of the solenoid whose centre is at a distance z from this 
point is 

Lol a 


2(a? +z 


dB’= 7 
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Ifwe consider a length dz of the solenoid around this turn, this length would contain ndz circular coils each 
of which can be very nearly regarded as having its centre at the same distance z from the point P. Hence the 
total magnetic field at P due to this length dz of the solenoid is given by 


: 2 
dB = (ndz) ABP az 
2(a?-+22) 
Hence |B , the field due to solenoid can be written as 








ina? “P' dz 
B|- uina f 
2 


z=) (a? +27 r 


where /, and £, are the distance ofthe two ends of the solenoid from P. 


We put z=acos0 
On integrations, we get 


uina? 1 
B= cosß-—cosa 
+= (cos cosa) 





For an infinte solenoid we then have B = 





uif) = Hy in 


poin 





|B| (at the end points), is 


The axial field ofa long solenoid thus varies as 
shown in the figure. We can thus conclude the 





nI 
axial field ofa long solenoid is very nearly uniform !BI {= i ; i ; E 
over a small range around its midpoint. END POINT i MD POINT i END POINT 
"4¢— RANGE OF — 
We show below the field lines of this magnetic UNIFORM FIELD 
field. This pattern is very similar to the magnetic LENGTH OF SOLENOID! 


field lines of magnetic field ofa bar magnet. Hence 
a solenoid is often viewed as the equivalent of a bar magnet. 


© 
Field lines of the magnetic field of a (i) (long) selenoid (ii) bar magnet 
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Ampere’s Circuital Law 


According to this law, the line intergral of the magnetic field, around a closed curve, is equal to u, i where 
iis the current enclosed by the path of integration. 


Thus, fBae =p, i 


Since $ B.dé is not equal to zero, it is important to realize that the magnetic 


field is not a Conservative Field. 


We can easily check the validity of Ampere’s Circuital Law. We have seen 
that the magnetic field due to a long straight wire is given by 


patil 
2Qnr 


This field has its field lines as shown in the figure. Let us calculate the line integral of this field around any 
circle of radius r. 


Along the circle considered, all the linear line elements q£ are directed along B, so that we can write 


B.dé = Bdé 


Hence Bae = PBa = B$ dé 


^ PBade= (H) x(2nr) = [yi 


Tr 


Thus Bae = pi , as per Ampere’s circuital law. 


Applications of Ampere’s Circuital Law 


(i) We apply Ampere’s law to calculate the field due to long solenoid. For a long solenoid the field is 
uniform near the centre and parallel to axis of the solenoid. We calculate its line integral around the 
path abcd, as shown. 


We can write, 


pBae = [pac ¥ f Bd + [Bae $ {Bac 
a b c d 
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(ii) 





The second and fourth integrals are zero each because at every point of these paths 9 = 90°. The 


b 
integral f B.da = Bh ( Bdé=Bd?) 


Also for chosen path, the side cd can be taken very far off from the solenoid, so that B at every point, 


d 
along it zero. Hence [Baz =0 


Hence f B.dé = Bh = pi 


enclosed 


; {N 
Now Lenclosea = Hol (S) (i= current through each turn) 


SN : 
B= ni(*- Hin 


N 
where n - x) is the number of turns per unit length ofthe solenoid. 


Magnetic Field of A toroidal Solenoid 


A toroidal solenoid can be thought ofa straight solenoid bent into the 
shape ofa circle so that its ends join together. A toroidal winding is shown 
inthe figure. 


To calculate |B| at a point P, we consider a closed path of integration 


shown by the dotted lines; a circle of radius r. From symeetrary |B| will 


have the same magnitude at every point along the path of integration. We 
have seen that, the magnetic field due to a long straight solenoid, is along 
its axis. Since there are no ends ofa toroidal solenoid the same conditions 
apply. Also the axis of the solenoid has become a circle. Hence 





pBae = Bhde =2mB 
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n PBae = 2B =p] 


pa lol 


2mr 


Now the considered path of integration, passes through, all the N turns of solenoid, each carry a 


current i, therefore] = Ni 


(2) 
27r 
Example—ó : 


A long straight solid cylinderical wire, of radius R, carries a current i uniformly distributed all 
over its circular cross section. FInd the magnetic field at a distance z from the axis of wire. 


Solution : 
A section ofsolid metal wire ofradius R prependicular to its length is represented in the figure. 


Let us consider a point P, lying inside the wire at a perpendicular distance r, from 

the axis ofwire. To apply Ampere’s Circuital law, we considers a circular path of R! 
radius z around the axis of wire. Over this path, because of symmetry 
consideractions, the magnetic field produced due to the current in the wire, will 

be equal at all points on the circular path and will have a tangential direction. 


By Ampere’s circuital law, we then have 


iz? 
pBae = (2 (for z<R) 


: +2 
‘ : . oi 2 iz 

-- Current inclosed by the circular path is — x nz“ = — 
nR“ R° 








B2rz = pz. 
Rz 


However, the current enclosed by the circular path would be i when P lies outside the wire. 


Hence we have, for z> R, 


B 27z = ui 
patel 
21z 
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Motion of Changed Particles in Magnetic and Electrid Fields 


Let us consider a region in space where the magnetic field is uniform and is along x—axis. Let a positive 
change q move along the y axis with a consted speed v. Experiments show that the changed particle does 
not experience any force when it is moving parallel to the direction of the magnetic field. Also it is observed 
that (in other cases) the charged particle experiences a force in a direction perpendicular to both v and B, 
the magnitude of the force experienced by charged particle when it is moving perpendicular to B, is given 


by |F| =qvB 





F For a positive charge the direction of the force according to Fleming 
left hand rule, is explained in the adjoining figure. 





Thumb 
(force ) 





For a negatively charged particle the direction of force is opposite to 
that ofa positive charge. 


econ, d 
( Spoeg P er However when the charged particle is moving with its velocity v, making 
an angle @ with the direction of B, the parallel component v cos 8 
does not experience any force. It is only the perpendicular component, 
v sin Q, that experience a force given by 
|F| =qBvsinð 
We can, therefore, write 


F=q(vxB) 


We define B, in magnetism, with the help ofthis equations. 
It is important to note that a magnetic field cannot change the kinetic energy ofa moving charge. 


A moving changed particle in a uniform transverse magnetic field, always moves in a plane perpendicular to 
B. Hence its trajectory ofmotion is a circle ofradius R, such that 


mv 


Ro 
qB 


B 
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Ifa charged particle having a charge q moves in a uiform electric field, the force acting on the charged 
particle is given by 


F=qE 
Under the influence ofan electric field, directed perpendicular to its direction of motion, the trajectory of 
the charged particle is a parabola. Usually, however, the deflection of the moving particle in the field is so 


small that we can approximate the trajectory of a moving charged particle in the electric field also by a 
circle of radius R,,, for which we can write. 


mv 
Rg 


eE = 





Lorentz Force 

A particle moving simultaneously in an electric and a magnetic field, will experience a net force, given by 
F=qE +q(v xB) 

F is known as the Lorentz force. 

This equation for F is valid for constant as well as for varying electric and magnetic fields. 

Example-7 : 


An electron, emitted by a heated cathode and accelerated through a potential difference of 2.0 
KY, enters a region of a uniform magnetic filed of 0.15 T. The field is transverse to the initial 
velocity of the election. Find the radius of the trajectory of the electron. 


Solution : 


Acharged particle, subjected to a uniform magnetic field, transverse to its initial velocity v, moves along an 
arc ofa circle. The radius, R, of the circular arc, is obtained from the relation. 


w 





Bevy = 
Ree 
eB 


Now when a charged particle is accelerated through a potential V, it gains an energy eV which must be 
equal to its kinetic energy. 


“ eV= Lay 
2 
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eV 

or = 
m 

21.6107 x2x10° Y 
v= J ixi” m/s =2.65 x 10 m/s 

-31 T 

Hence p -| 21x107 x2.65x10" | i imm 

0.5x1.6x10- 
Cyclotron 


Designed by Lawrence and Livingston, a cyclotron is based on 
principle of giving repeated accelarating pushes to a beam of 
charged particle while the particles are moving round ina circular 
path. 


Magnetic field out 


of the paper Deflection plate 







eels eee eave 


Exit Port 


The particles are made to move ina circular path by applying a 
transverse magnetic field B. 


Charged 
particle 


w 





: mv 
We have the relation Bev = 
T 


my 7 7 — —— EES LS eta a el ale 
r= SELIL S RETA 


Be OOO Tsar tite e 





The time period, of one revolution of the particle, will be 


Oscillator 


_2nr_ 2nmv 27m 





T 
v Bev Be 


Thus particles orbit around in their circular path, at a frequency, f, given by, 


f= I_ Be 

T 27mm 
The charged particles move in a circular chamber made up oftwo parts called the D’s (dees). The particles, 
to be accelerated, are introduced into the arrangement near the centre of dees and a magnetic field transverse 


to their plane is applied. The dees are connected to an oscillator of frequency (Be, an) and this maintains 


the alternating potential and ions in phase. Thus every time the particles return to the gap, between the 
dees, they experience an accelerating push and are consequently accelerated to very high energies. Every 
time the particle get accelerated its velocity increases and, in order to satisfy the equilibrium condition, it 
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must move ina circle of ever increasing radius. Thus the particle travel ina SPIRAL path. When the 
velocity is increased to a desired value, the particles are led outwords for their appropriate USE. 


The ‘final energy’, to which the cyclotron can accelerate the charged particles is limited by the relativistic 
increase in mass with velocity. 


Example-8 : 


A cyclotron, in which flux density is 14000 gauss, is employed to accelerate the protons. How 
rapidly should the electric field between the dees be reversed? Given (m, = 1.67x10-’ kg and 
e= 1.6x16”C). 





Solution : 
We have 
f= eB 
2mm 


1.6x107" x14x10 x10“ 
2x«3.146x1.67x107” 





(1G =10*T) 
=21.34 MHz 


Force on a Current Carrying Conductor in a Magnetic Field 


Since a magnetic field exerts a force on a moving change, it is clear that a magnetic field will also exerts 
force on a conductor carrying a current. 


Consider a straight wire, carrying a current i, placed in uniform magnetic field B. The wire is kept at right 
angles to the field. Let n be the number of free electrons per unit volume and let us suppose that they have 
a average drift velocity v in a direction perpendicular to B. The magnitude ofthe average force on each 
electron is given by 


|F'|=ev|B| 


o (J k e o o (J 
—— | — 
Also the current density |J| =nev © @ © o o o o 
Wire 
e (J e (J le (J e 
| F 
Therefore we have v = — eoeoeeeee © 
ne 


B 
Hence |F | =e [Bl = 


Total number ofelectron in a conductor oflength Lis AL x n 
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Since all these electrons are moving in the same direction, in a uniform magnetic field the force is in the 
same direction for all the free electrons. 


Thus the force |F| =on the whole conductor is (nAL)x|F'|=nAL (2) =(Aj)LB 
n 


=iL|B| [- AJ =i] 


However, ifthe current is flowing at an angle @, with respect to B, 
this result can be generalized as 


F =i(LxB) 





Torque on a Current Carrying Coil in a Magnetic Field 


As shown in the figure let us consider a coil abcd suspended in a uniform magnetic field B. Let the sides ab 
and cd, of the coil, have a length x and let sides bc and da have a length y. We denote by a, the angle 
which the plane of the coil, makes with the direction of the field. Current, flowing in the coil abcd, is 
denoted by i. 








The force on the arm da is given by iy B sin (x - a) =iyBsina. The direction of this force is in the plane 
of the coil and directed upwards. 


Similarly the force on arm bd is (iy Bsin a) and is in the plane of the coil and directed down wards. 


These two forces do not produce any effect on the coil as they are in the same plane and oppositely 
directed. 


Similarly the magnitude of forces acting on the sides ab and cd is given by (1x B) 
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The direction ofthe force on side ab and cd is perpendicular to the plane of paper directed, respectively, 
outwards, and into, the plane of the coil. 


Since these two forces are equal parallel and act in opposite directions, and have different line of action, 
they consitute a torque. This torque is given by 


t=ixBxycosa [ycos a is the arm of the couple] 
or t=iABcosa [A, the area of the coil, equals (xy)] 
Le the angle, which the normal to the plane of the coil, makes with the direction of the field be 8. We than 
have 


a-(2-0] andcos a = sin® 


Hence torque t is given by t =i ABsin 0 
Ifthe coil has n turns than the torque becomes t = ni ABsin 8 


Taking into consideration, the direction of the torque, we can write. 
t=ni(AxB) 
Denoting ni(A) =M, the equivalent magnetic dipole moment of the (rectangular) coil, we can write. 


1=(MxB) 


The tendency ofthis torque is to rotate the coil about its own axis and to bring it to its “equilibrium position’, 
the position in which M is parallel to B. 


[The above expression is analogous to the expression for the couple on an electric dipole in an electrostatic 
field i.e. t=[PxE] 


Force between two Parallel Long Current Carrying Wires 


When two parallel current carrying wires are kept near to each other, each exerts a force on other. We can 
think of either one of the wirs as being situated in the magnetic field caused by the other current carrying 
wire. Hence there results a force between these current carrying conductors. To calculate this force we 
consider two long straight conductors R and S, carrying currents I, and I, respectively, and seperated by 
a distance d. The magnetic field B,, at the location of the conductor S, due to current I, flowing in 
conductor R, is given by. 
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I, 
2nd 





Ba = Ho 


Due to this field the force on a length L of the (other) conductor, carrying a current L, is given 
by ed 


F=B,1,L 





Hence F = HolR I,xL= Hola lsL 
2nd 2nd R S 





. Lol als 
The force, per unit length, therefore, equals ond 


We represent below the field lines and direction of force, between two parallel curernt carrying conductors, 
carrying currents that are (i) LIKE and (ii) UNLIKE, currents. 





Example-9 : 


A uniform magnetic field, of 3000G, is established along the positive z axis. A rectangular loop, of 
sides 10 cm and 5 cm, carries a current of 12A. Find the torque on the loop, in the different cases 
shown in figure. Which cases corresponds to the position of equilibrium? 


Solution : 

The torque, on a current (= i) carrying loop, placed in a magnetic field B, is given by 
1=i(AxB) 

where A is the area of the loop. 


We use this result for the different cases shown here. 
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Y T bd 


(a) (b) (c) 


Y Y y 


(d) (e) (6 
(a) t=iABsin@ 
=iABsin90° =i(AB) 
t=12x0.10x0.05x30x10°N -m (.- 3000G =3000x10*T) 


=1.8x10°Nm 
The direction of this torque is along the negative z axis. 
(b) Same as in (a) 
(c) 1.8 x 10?N-—malong negative x direction. 
(d) 1.8 x 10? (N—m), at an angle of 270°, with the positive x direction. 
(e) Inthis case all the four arms all perpendicular to the field. Hence the torque is zero. 
(f) |The torque in this case in also zero. 


It is clear that only the positions (e) and (f), for which the torque is zero, can be positions of equilibrium. 


Moving Coil Galvanometer 


A moving coil galvanometer makes use ofthe torque, on a coil, situated in a uniform magnetic field, to 
measure the current flowing in the wires of the coil. It consists ofa rectangular coil, of N turns of wire, 
suspended by a thin phospher bronze wire P, between the pole pieces, N and S, ofa permanent magnet 
which provides a uniform field. P carries a small concave mirror, M, to measure, with ease and procision 
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the small defletion of the coil, using a lamp and scale arrangement. Current enters 


and leaves the coil via suitable terminals, connected to P and a fine spring, Q. 


Couple, acting on the coil due to the passage of the current i, is Ni ABcos0. 
This couple is balanced by the restoring couple, set up due to the twist in the 
suspension fibre. This equals ka , where k is the torsional couple per unit twist. 


Hence ni AB cos 9 = ka 
e L 
or n ABcosð 


As such, the instrument will, therefore, have a non 









linear scale. To achieve a linear scale we use a radial Suspension axis 
of rotation 


magnetic field. Such a field is obtained by using a 


permanent magnet with cylindercal concave pole 





pieces coaxial with the coil, and a soft iron cylinder, 
kept concentric with the coil. This configuration 


produces a field whose flux lines are (nearly) along A 





the extension ofradii ofthe soft iron cylinder in the o 
air gap between it and the concave pole pieces. (a) Top view of the pole pieces 7 
and the soft iron cylinder j 
We then have 0 = 0° and cos 0 =| (b) Front view of the rectangular coil 
< NiAB=ka 
or n i= i a=ca 
NAB 
The radial field set up thus enables us to get a linear scale. We ron 
define \ Ds 
da I NAB PNTE 
oe oe WDD 





as ‘sensitivity’ of the galvanometer. 
Example-10: 


A rectangular coil, of area 5x10“‘m’ and having 60 turns, is pivoted about one of the vertical 
sides. The coil is in a radial horizonal field of 90G Find the torsional constant of the hair springs, 
connected to the coil, if a current of 0.2 mA, produces are angular deflection of 18°. 
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Solution : 
For equilibrium we have 
in BA =c0 


where the symbols have their usual meanings. 


Hence c = niBA 





¢ = 90%0.20%107 x90x107 x5.0%7 (N-m) 
18 degree 





= 3x10-° N-m per degree 


Voltmeter 


Galvao Avoltmeter is nothing but a high resistance (idealy infinite) galvanometer. 
meter Coil It is used to measure the potential difference between two points inan 
electrical circuit. However to measure this p.d, a small current has to 
. flow-through the voltmeter coil. The movement of the coil, in the 
ee R magnetic field, can be calihrated to read the potential difference directly. 
However, the current drawn by the voltmeter coil for its functioning, 
reduces the current across the two points of the circuit and thus the 
potential difference (between two points) which was to be measured 
gets reduced. The voltmeter, therefore does not read the ‘true value’. 
To minimize this error, the voltmeter has to have a high resistance. (so 
that only a very small fraction, of the current flowing between the two points, goes into it). 






We can convert a galvanometer into a voltmeter ofa desired range 
say (0 to V) volts. Let L be the maximum permissible current through A R B 
the galvanometer. It is clear that ifthe p.d to be measured exceeds 
IG, we must connect a suitable resistance R,, in series with the 
galvanometer coil. The value of R, should be such that the current, 
through the galvanometer is still I . Thus R, is given by 


O7 


V 


=I 
R,+G 





S 
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Example-I1 : 


A moving coil galvanometer has a resistance of 10Q and gives a full scale deflection for a 
current of 0.01 A. How can it be converted into a voltmeter that can read up to 150 volts? 


Solution : 


In order to convert the galvanometer into a voltmeter an external resistance R should be connected in 
series with G so that when 150 V are connected across the arrangement, the current through the galvanometer 
is only 0.01 A. Hence 


Maximum voltage drop across G = 0.01x10V=0.1 V 
z. Voltage drop across R = (150 — 0.1) V =149.9V 


We thus have 0.01 xR = 149.9 
R= ie Q =14990 Q 
0.01 
We, therefore, need to connect a resistance of 14,990 Q in series with the galvanometer coil. 


Ammeter 


The ammeter is an instrument for meauring a current in an electical circuit. An ammeter is obtained by 
connecting a low resistance (called shunt) in parallel with a moving coil 
galvanometer. Hence the resistance ofan ammeter is very low. To measure 
a current in a part ofthe circuit, the ammeter has to be connected in that 
part ofthe circuit and a current flows through the ammeter coil. This current 
carrying coil, situated in a magnetic field, consequently gets deflected and 








Galvano) 
meter 
Coil 


can be calibrated to read current directly in ampere’s. The ammeter is 
connected in series with the given circuit path, thus increasing the resistance 
ofthat path by an amount equal to the resistance of the ammeter itself. This 








Low 
Resistance 


changes the current in the path, to be measured. Obviously this change lees 


should be as low as possible, so the resistance of an ammeter has to be 






Terminals for 
very small indeed! Let us see low we can convert a galvanometer of connecting the 
resistance any G into an ammeter ofrange (0-1) A. To obtain this we have given circuit 


to shunt the galvanometer coil witha resistance R,. Let |, be the maximum 
(permissible) curent through the galvanometer coil. 


We then have V =1,G =I,R, 
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Shunt 


Example-12 : 


Agalvanometer, having 30 divisions, has a current senstivity of 20 u A/division. It has a resistance 
of 25 QO. How will you convert into an ammeter reading up to 1A? 


Solution : 


A s A 
Current sensitivity = 20 ae =20%10% — 


A L = Current for full scale deflection = 20x10% x 30A =600 HA 
To convert into an ammeter, ofrange 0 to 1A, the shunt required is 


I aa 
s-& G- 6x10 = ö 
I-I, 1-6x10" 





=0.105Q 


We, therefore, need to put a resistance of 0.105 Q in parallel with the galvanometer coil. 


Magnetism 
Introduction 


Historically the subject of magnetism was developed from the point of view of magnetic monopoles in a 
way completely analogous to the concept of (positive and negative) charges, and Coulomb’s law, in 
electrostatics. 


However, it was established later on, that monopoles do not exist. Even if we divide a bar magnet indefinitely, 
we do not end up with isolated poles; we always obtain a dipole. With developments in our understanding 
ofthe structure of matter, we now study magnetic phenomenon as one of the effects of current. However, 
Bar Magnets still have their own importance. We list some important facts in this context: 


1. The earth apprears to behave like a magnet. 
2. A freely suspended (isolated) bar magnet points along the North-South direction. 


3. Like poles oftwo magnets, repel each other while unlike poles attract each other. 
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4. North and South poles ofa bar magnet cannot be isolated. 


5. We can make magnets from iron and its arrays. 


A Current Loop as a Magnetic Dipole 


As shown in figure let us consider a plane loop carrying a current. 
With reference to its upper face, let the current be anticlockwise, as 
already explained, this face, then, has a North polarity. This current 
would appear be clockwise if we look from the lower face of the 
coil. Hence this face will have a South polarity. The current loop, 
having a north polarity at one face, and a South polarity at the other 
face, can, therefore, be regarded as equivalent to a magnetic dipole. 





The equivalent magnetic dipole moment, ofa current carrying loop, 
can be shown to have value M, where. Lower Face 


M=iA 
Here iis the current flowing through the loop and A is the area of the loop. 
Similarity of a Current Carrying Solenoid with a Bar Magnet 


We have already explained how to calculate the field ofa solenoid at a point on its axis. We have seen that 
the field due to a small element of the solenoid, at a point, on its axis is 


pia’ (ndx) 
[2(r-x} +a? | 


For r >> a and r >> x, the denommeter becomes of the 
order ofr’. 





|aB| = Z 





_ Hoia’ (ndx) 


dB 
2r? 


Total field at (a far-off point) say P, would then be 


a2 L 
_ pnia 
i 


-L 


unia? 
2r? 





or B= (2L) 
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The equivalent magnetic moment M ofthe solenoid is 


M =[n(2L) ]xix[ na? | 


Uo {2M 
B=—| — 
Hence af E ) 


Magnetism, developed from the point of view of the pole concept, showed that the magnetic field, on the 
axis line ofa (short) bar magnet,is also given by the above mentioned result. Also, we have already seen the 
similarity of the magnetic field lines of a solenoid and a bar magnet. We can, therefore, think ofa current 
carrying solenoid as the equivalent ofa bar magnet. 


A Magnetic Dipole in a Uniform Magnetic Field 


Let us consider a small magnetic needle of magnetic moment m, and moment of inertia I, placed in a 
uniform magnetic field B. If the needle is suspended in the field, and allowed to oscillate, then it will 
experience a restoring couple t = mBsin0. 


Hence, we can write 


d’6 


= 





I =-—mBsin0 


For small value of 9, we have sin 9x 0. 





2 
I d À =—mB0 
2 mB 
or av sea =-0'0 (where © =——) 
dt? I I 


Thus the (small amplitude) oscillations (ofa magnetic needle) are simple harnonic with a time period given 
by 





B= 4r'I 
mT? 


This expression is often used for an accurate determination of B. 


Proceeding, exactly on the same lines, as we studied in electrostatics, we can obtain the magnetic potential 
energy, U_, ofa magnet, in a magnetic field. We then have 
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U,, = | 1(8)d0 = f mBsin 6 d6 
or U,, =-mBcos0@ =—m.B 


Terrrestrial Magnetism 


The fact, that a freely suspended magnetic needle, at any point on the surface of earth, always point in the 
north south direction, shows that a magnetic field exists at all points on the surface of earth. The describe 
the field at any point we must determine (i) the plane in which earth’s field lies and (ii) the intensity of earth’s 
field B. This is generally achieved by determining the following three quantities. 


(i) | The ‘declination’ or the variation from true north. 
(ii) The ‘inclination’ or DIP to the horizontal, of the total magnetic field of the earth. 
(ii) The horizontal component of earth’s magnetic field. 


These three quantities are called the Magnetic Elements of Earth. 


B — the earth’s magnetic field 


True North 


B, — horizontal component ofearth’s field 
B — the vertical component ofearth’s field 
D-the declination 

5 —angle of dip 


(i) | Declination, at a place, is the angle between 
the geographical and magnetic meridian 
there. 





(ii) The DIP is the angle between the direction 
of the total magnetic intensity, and the horizontal component of earth’s magnetic field. 


(ii) The horizontal component of earth’s field is the component ofthe earth’s field along the horizontal. 


Denoting by §, the dip at a place and by B, and B,, the horizontal and vertical components of 
earth’s field, we can write. 


B, =Bcosd 
or B,=Bsind 


[B =Total (Magnetic) intensity ofearth’s (magnetic) field.] 


B 
It follows that tan 6 = —Y 
B E 
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Example-13 : 


A ship is sailing due east, according to the Mariner’s compass. If the declination of the place be 
10° east, what is the true direction of the ship? 


Solution : 


As the declination is 10° east, the north as pointed by Mariner’s compass, will be 10° east of true north. 
Hence the east, as shown by the compass, will be actually 10° ahead, i.e., 10° south of east. 


Thus the true direction of the ship is 10° south of east. 


Magnetisation and Magnetic Intensity 


We have shown that the magnetic field due to a long solenoid at a point, on its axis near its centre, is given 
by 


B, = uni 


Ifthe interior of the solenoid is filled willa magnetic substance then under the influence of B , the equivalent 
dipoles, of the magnetic material, will set up a secondary field of their own (B). The total field can then be 
written as 


B=B,+B, 


The field, B, truns out to be proportional to the magnetisation vector M of the material and can be written 
as 


B; = uM 


The magnetisation vector M, ofa material, equals the net magnetic dipole moment per unit volume, induced 
in it by the action of the (external) magnetic field (B „ in this case). 


Detailed analysis of the problem show that it is convenient to introduce a new vector H which is defined as 


T5 


H can be related to the current flowing in the solenoid. 
The vector M, is ofcourse, dependent on the nature ofmagnetic material. We express this fact by writing 
M=7H 


Z isknownas susceptibiety ofthe magnetic material 


From above definition of H, we get uH +u,M =B 
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B=p,(H+M)=n, (H+ yH) 


B=y,H(1+ x) 


Putting 1+ % = H, 


We have B = p, u,H 


B=yH (= Holt, ) 


[For vaccum p=1 and B and H become one entity as it should be. ] 


Classification and Properties of Magnetic Materials 


Magnetic materials are generally classified into three main categories. They are (i) Diamagnetic (ii) 
Paramagnetic and (iii) Ferromagnetic. We list below their characterstic properties. 


1. Paramagnetic Materials 


(a) 


(b) 


(c) 


(d) 


(e) 


Ina magnetic field, the paramagnetic always move towards the region of increasing magnetic 
field. 


The magnetisation, M, varies linearty with H 
M=7H 
% is khown as the susceptibility ofthe material and is positive for paramagnetics. 


x of paramagnetic varies inversely with temperature. 


KF 


where c is a constant and T is the absolute temperature. This relation, for paramagnetics, is 
known as CURIE’s Law. 
Since B = u, (1+%)H andas z >it follows that B > p,H 


This implies that, for paramagnetics the magnetisms field, produces magnetisation in its own 
direction. 


Since u, =1+%n itfollows u, >1 


It is interesting to know that the cause of paramagnetic behaviour can be associated with 
materials whose atoms / molecules have net (non-zero) permanent magnetic dipole moment 
associated with them. Paramagnetic materials are therefore, similar to ‘Polar dielectrics’. 
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2. Diamagnetic Materials 


(a) 
(b) 
(c) 
(d) 
(e) 
(f) 


(g) 


The diamagnetic move towards the region of decreasing field strength ina magnetic field. 
The relation, M = y H, also holds for diamagnetics. However y <0 and is a small quantity. 


For diamagnetics y is (almost) independent of temperature. 
As B=u, (1 + x) H it follows that for diamagnetics B < u,H . 


It is easy to see that the permeability (u, =U (1 + x)) , ofdiamagnetics, is less than 1. 
Diamagnetism is a universal effect. However diamagnetismis a very week effects and it easily 
get masked when the materialis a paramagnetics or a ferromagnetic. 


The atoms / molecules ofa diamagnetics material do not have a net magnetic dipole moment 
associated with them. Diamagnetic materials are, therefore, similar to non-polar, dielectric. 


3. Ferromagnetic Materials 


(a) 


(b) 


(c) 


The magnetising effects, associated with ferromagnetics, are about 10° times as large as the 
corresponding effects for diamagnetics or paramganetics. 


Unlike diamagnetics or paramagnetics, M ofa ferromagnetic is not directly proportional to H. 
M is now not a definate function of H but depends upon the previous magnetic, history internal 
and mechanical treatment of the speciman. This charactertics, of ferromagnetics, is known as 
Hystreresis. 


Curie’s law for ferromagnetics is 


o c 
T-90 





Here, 0 is a magnetic transformation temperature, known as the curie temperature. For 
T < Q, the substances behaves like a ferromagnetic and for T > 9, the substance behaves like 
a paramagnetic. 


Hysteresis Curve 


We now discuss the ‘Hysteresis behaviour’ of ferromagnetic substances. 


In the graph shown, point O corresponds to the unmagnetized state of the ferromagnetic material. The 
magnetisaction, M, at first increases with increasing field. Point A corresponds to the state when magnetisation 
reaches a satutation value (corresponding to a field H). Ifthe applied field is now decreased, in steps, the 
points, corresponding to the curve AB, are obtained. It is seen that at point B the field has become zero but 
the (ferromagnetic) material is still (strongly) magnetised. This shows that M is lagging behind H. On 
reversing the field, and numerically increasing it in step, it is seen that |M| reaches zero, at some point C 
(corresponding to some reversed value of H). On increasing the field, in reverse direction, the portion CD 
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is obtained. On reversing the field again, we get the portion DE, EF 
and FA of the complete loop. Ifthe field be now varied cyclically, 
between the values H and —H,,, the curve ABCDEFA is obtained. 
The curve ABCDEFA shows that M is always lagging behind H. 
This phenomenon (of M lagging behind H) is knownas hysteresis. 
The curve (ABCDEFA) known as a hysteresis loop. 


The point B, representing the retained or residual magnetisation, is 
knownas the retentinty of the material. The (reverse) magnetic field 
at the point D, for which the material gets completely demagnetised, 
is known as the coearcivity. 
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PROBLEMS FOR PRACTICE 


Find the magnetic field at the centre of a regnlar hexagon of side h canying a current i. 


Ans.: V3 Ea 


th 


An equilaterial triangle is formed from a uniform wire. Ifthe current enters and leaves at the two 
corners, ofa side of the triangle, show that the magnetic field at the centre of the triangle is zero. 


Calculate the magnetic field, at a point distant 2m, on the axis ofa circular coil, of radius I mm, 
carrying a current of 0.5 A. 
Ans.: 0.393% 107 wb/m? 


A circular coil, of radius 2 cm, is concentric and coplaner with a circular coil of radius 7cm. Each coil 
has 100 turns. With a current of 5A in thelarger coil, find the current needed, in the smaller coil, to 
give zero magnetic field at the common centre of the two coils. 


Ans.: 143 Ain the opposite direction 


Considering two parallel co-axial circular coils, of equal radius R, and equal number of turns N, 
carrying equal currents in the same direction, and seperated by a distance R, show that the field on 
the axis, around the midpoint between the two coils, is (nearly) uniform over a distance that is small 
compared to R; and its magnitude is given by 


HiN 
- Be] 0.72 —— 
Ans.: ( R 


A solenoid has 400 turns, of wire wound on a cylinder of radius 5 cm and length 40 cm. Calculate the 
magnetic field at the (a) midpoint of the solenoid and (b) a point, on the axis, 2cm from one end, of 
the solenoid, when a current of 1 A flows through it. 


Ans.: (a) 1.219x10° #47 ,, (b) 0.3905x10° WHF , 


Two short solenoids, each of radius 6cm and length 13 cm, uniformly wound with 30 turns of wire 
per cm, are placed co-axially with a gap of 6cm between then. If these are connected in series. FInd 
the magnetic field, at the centre ofthe gap, due to a current of 1 A through the combination. 


Ans.: 1.8x107 "Ya 


A long wire, carries a current of20A along the axis ofa long solenoid. The field due to the solenoid 
is 4mT at a point distance 3cm from its axis. Find the resultant field at this point. 


Ans.: 4.2 mT, 18.4° with the axis ofthe solenoid 
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9. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


An electron beam, passes through a transverse magnetic field of 2x 10° T, and an electric field (also 
transverse) of 3.4x10* Vin", both acting simultaneously. If the path of the beam remains undeviated. 
Calculate the speed of the electrons. 


Ans.: 7x10’ m/s 


After being accelerated through a potential difference of 10,000 votl, an alpha particle moves in a 
circle of radius 50 cm, in a magnetic field. Calculate the magnitude of the field. 


(Given M, =6.68 x 10” kg) 
Ans.: 4.09 x 10?T 


Deutrons are to be accelerated in a cyclotron. The value of the uniform magnetic field is aano E 
Find the period of revolution of the deutron (given mass ofthe deutron is 3.3x107 kg). 
Ans.: 2.946 x 108s 


If protons are to be accelerated in a cyclotron (i) What should be the frequency of the alternating 
potential difference applied. (ii) How much energy will a proton acquire after 50 revelutions? The 


p.d. across the dees is 10° volts and the applied field is 1.5 wy . Given m, = 1.1x 10” Kg. 


Ans.: (i) 2.24% 107 Hz, (ii) 1.6x10-?J 


Two straight wire, each 10 cm long, are parallel to one another and seperated by a distance of 
2 cm. They carry currents, of 30 A and 40 A, respectively. calculate the force experienced by either 
of the wire. 


Ans.: 1.2 x 103N 

Find the force in kgwt, per decimeter length, between two conductors, spaced 4 cm apart, and 
carrying currents of 2000 A and 4000 A, respectively. (Take of g= 10 ms”) 

Ans.: 1.2 x 10°N 

A 100 turn, closely wound circular coil, of mean radius 10cm, carries a current of 3.2 A. The coil is 
placed in a vertical plane and is free to rotate about a horizontal direction which coinsides with its 
diameter. A uniform magnetic field, of 2T, in the horizontal direction, exists such that, initially, the axis 
of the coilis in the direction of the field. The coil rotates through an angle of 90° under the influence 
of the magnetic field. Calculate the torque in the initial and final position of the coil. 

Ans.: zero, 20 N—m 


A rectangular coil, of sides 8 cmand 6 cm, having 2000 turns and carrying a current of 200 mA, is 
placed ina uniform magnetic field of 0.2 directed along the positive x axis. Calculate the maximum 
torque the coil can experience. 


Ans.: 0.384 N-m 
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A regtangular coil, of area 5.0x 10m”, and 90 turns, is free to rotate about one ofits vertical sides. 
The coil is in a radial magnetic field of 60x 10+T. Calculate the torisonal constant of the springs, 
attached to the coil, ifa current of 0.20x 107 A produces on angular displacement of Ta radins. 


Ans.: 3x10”? (N—m) per Degree 


A glavanometer is placed in a radial magnetic field of 9.2 wh/ m’ . The coil of the galvanometer has 
200 turns and its area is 1.6x 10m”. The restoring torsional constant, of the suspension fibre, is 
10°° Nm/degree. Calculate the maximumm current that can be measured by this galvanometer if the 
scale can accomodule up to 45° deflection. 


Ans.: 7x107A 


A rectangular coil, of area 10? m’, is suspended in a radial magnetic field 5x10° w 2. What 
current should be made to pass through it to keep it in equilibrium at an angle of30° with the field? 
[Given that the restroing couple per unit twist of the suspension fibre is 10® (N—m/degree)]. 


Ans.: 6x 107A 


A voltmeter, which deflects full scale for a potential difference of 5.0 V, across it is to be made by 
connecting a resistance R in series with a galvanometer. The 80Q galvanometer deflects full scale 
for a potential of 20 mV across it. Calculate R. 


Ans.: 19.92kQ 


A galvanometer, with a resistance of 12 Q , shows full scale deflection for a current of 0.0025 A. 
How can it be converted into a voltmeter ofrange 0 to 10V? 


Ans.: Connect a 3988 Q resistor in series. 


A 120V, d.c. source, is connected across series combination ofa large resistance R and voltmeter, 
of resistance 10000 Q . Ifthe voltmeter reads 4V, calculate the value of R. 


Ans.: 290 kQ 


A galvanometer needs a current of 1 mA for full scale deflection. What is the resistance of the shunt 
needed to convert into an ammeter reading up to 1A. 


Ans.: 5x10°Q 


A galvanometer with a resistance of 12 Q shows full scale deflection for a current of 2.5 mA. How 
will you convert it an ammeter ofrange 0-7.5 A? 


Ans.: 0.0040 
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27: 


28. 


29. 


30. 


A galvanometer of resistance 20Q needs a current of 50 mA for full scale deflection. How it can be 
converted into an ammeter of range (0—-10)A. 


Ans.: 0.1 Q 


In the magnetic meridian ofa place P, the horizontal compoent of the earth’s magnetic field is 0.26 
gauss and the dip angle is 60°. What is the total magnetic field ofearth at this location? 


The horizontal component ofearth’s magnetic field, at a certain place is 3x 10°T and the direction of 
the field is from geographic south to geographic north. A very long cylinder straight conductor is 
carrying a stready current of 1A. What is the force per unit length on it when it is placed ona 
horizontal table and the direction of the current is 


(i) east to west and 
(ii) south to north 
Ans.: (i) 3x10° Nm (ii) zero 


A current of 2A flows through 10* tums ofan insulated wire, wound uniformly around an iron anclor 
ring of radius 0.1m. Ifpermeability of iron is 2000, calculate the magnetic flux through the ring. 


Ans.: 80 SI Units 
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QUESTION BANK 
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Key Learning Points 
Biot and Savart law is mathematically expressed by the equation. 
idésin 0 
ap| =n asin 


The constant of proportionality depends onthe system of units. In the S.I system of units K = a 


weber 


: i ig 4x107 —————___ 
where u, is a constant of free space and its value is ampere —meter ` 


We can write expression for dB in vector rotation as 


j= te, ene 
4n r 


The magnetic field due to a infinite straight wire carrying a current iis given by 


pao B 
2nmr \m 


The magnetic field, due a circular coil of radius a, carrying a current i at its centre is given by 


patil (= 
2a \m 


and at a point on the axis of the coil at a distance x from its centre is given by 


Li a wb 
B= 2 (+e (a) 


The magnetic field due to a straight solenoid at any point P (but near the end points) given by 


B= HoNi (=) 
L 





m 


At far offpoints, a circular coil behaves as a dipole ofmoment m wheere m equals the product ofthe 
current flowing and the area ofthe coil. The value ofm must be regarded as directed normal to the 
plane of the coil and in the sense ofa right handed scrow rotated in the direction of the flow of 
current. 


We can generalize the above equality for a plane current loop ofany orbitrary shape. 
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8. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


According to Ampere’s circuital thorem the line intergral of magnetic field around any closed cuve is 


equal to pu, time the total current I enclosed by the closed curve viz. 


BAe =pl 


One can use Ampere’s circuital a theorem to calculate the magnetic field due to a long straight 
solenoid and a toreidal solenoid. 


Ampere’s circuital theorem 
ÈB.d2 =p] 


straight forwardly tells us that mangetic field is a non conservative field. 


The force experienced by a charged particle when it is moving with a velocity v making angle 9 with 
the direction of B is given by 


F, =q(vxB) 
The force experienced by a charged particle when it is moving in an electric field is given by F=eE 


and is indepedent ofthe velocity with which the charged particle is moving. 


The forced acting on a charged particle simultaneously being acted upon by a electric as well as a 
magnetic field as given by 


F, = qE+q(vxB) 


and is knownas Lorentz force. 


Mathematically the magnetic field vector B is defined through the relation 





p 
qysinð 


The unit of B is newton per coulomb meter per second or weber/meter’ or tesla. 


A current carrying conductor placed in a magnetic field experiences a force given by 
F =i(LxB) 


A plane rectangular coil of N turns, carrying a current I, experiences a torque when placed in a 
uniform magnetic field which is given by 


t=(mxB) 
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Force between two parallel long current carrying wires is given by 


RL 
° 2nd 





where I, and I, are the current flowing respectively in two long wires of length L and seperated by a 
distance d. 


A moving coil galvanometer is essentially based on the fact that a rectangular coil placed in a uniform 
magnetic field experiences a couple. When a current is passed through it this couple is balanced by 
arestoring couple due to the twist in suspension wire of the galvanometer. 


ie. NiABcos0=k0 


kO 


o i=——— 
NAB cos 0 
We use a radial magnetic field to provide a linear scale for the measurements by the galvanometer. 


A voltmeter is a converted galvonometer with a very high resistance (ideally infinite) in series with the 
galvanometer. 


An ammeter is a shunted low resistance (ideally tending to zero) galvanometer 
The earth behaves as a magnet. 
A freely suspended bar magnet points in the north south pole direction. 
Like poles repeleach other whiile unlike poles attract each other. 
North and south poles ofa bar magnet can not be isolated. 
A current loop behaves as a magnetic dipole. 
The magnetic field lines ofa bar magnet and a solenoid have a similar pattern. 
We define the following three quantities to understand the behaviour ofearth’s magnetism. 
(i) The declination 
GD The dip 
and (iii) The horizontal component ofearth’s magnetic field. 


Just as in electrostatic we define a magnetisation vector M in the study of the behaviour of magnetic 
materials. 


We also define a vector H by the relation 


B 
H=—-M 


Ho 
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which further enable us to define a relation. 
B=n,(H+M) 


31. The magnetic materials can be classified as 
(i) Paramagnetics 
(i) Diamagnetics 


and (iii) Ferromagnetics 
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Unit-13 : Magnetic Effects of Current and Magnetism 
Average Biot-Savart Law 


1. A straight wire, carrying a current I, is located along the y-axis. The magnetic field, dB, at 
a (field) point (a, b, c) due to a general element, d£, of this straight wire, can be written as 




















) «B= Ho | (ayi)x(ai+(b-y)j+ck) i 
(1) 4n (a +(b -y} +e)" (Correct) 
PE (ay’)x(ai+bi rek) 
(2) An (a? “ie +c)" (Incorrect) 
ii- uI (ayj)x(ai+(b-y)j+ck) 
(3) An [e +(b-y) +e] (Incorrect) 
pi (ayi)x(ai+bj+ck) 
(4) An ( a+b? + c?) (Incorrect) 
Correct answer: (1) 
Solution: 
We need to use Biot-Savart Law. ; 
_ Mol déxr de 





dB : 
4T Irl 
Here q£, general current element, can be considered to be located at a general point (0, y, 0), 


on the y-axis. Also since the wire lies along the y-axis, we can write dé = (dy)j 


The vector r, in the Biot-Savart law, is the position vector ofthe field point (a, b, c), with respect to the 
point (0, y, 0) where the current element is located. Hence 


r=(a 0)i+(b y)j+(c 0)k 
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and |r|= [a +(b-y) re 


(ayi)x (ai+ (b -y)j +ck) 
% 


dB="0 1 
an (2° +(b-y) +o?) 





Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Average Magnetic Field due to Straight Current Carrying Conductor 


2. Astraight wire, AB carries a current I; the ends of the wire subtends angles 6, and 0,, at 
point P, as shown in figure. The magnetic field, at point P, is given by 














I,. ; 

(1) ri = (sin 8, -sin 9, ) (Correct) 
Hol ;. ; 

(2) Jra (sin 0, +sin 9,) (Incorrect) 
Hol _ 

(3) rs (cos 8, —cos @, ) (Incorrect) 
Hol 

(4) ‘tna 0, + cos 0, ) (Incorrect) 


Correct answer: (1) 
Solution: 


The magnetic field, at a distance ‘a’, from a current carrying straight wire, is given by 





Hol y. . 
B= sin 8, +sin ð 
4na ( i 2) 


Here 0, =9, 
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= B= Hl (sin 6, -sin0,) 
4na 


Hence correct option is (1) 


Unit-13 : Magnetic Effects of Current and Magnetism 
Average Magnetic Field due to Straight Current Carrying Conductor 


3. Equal currents, of value 1A, are allowed to flow through a sequence of long wires, parallel 
to y-axis and located at, x= 1m, 2m, 4m and so on. If the currents flow in opposite directions 
in alternate wires, the value of magnetic field at the origin, O, is 


A 








(1) = along z-axis (Correct) 
3y1o1 
(2) 4n along x-axis (Incorrect) 
i 
(3) ay along z-axis (Incorrect) 
Ho 
Lol . 
(4) Ba along x-axis (Incorrect) 


Correct answer: (1) 
Solution: 
We know that the field at O, due to current i through one wire, is 
|B|= Hol 
2nd 


Hence, for the whole sequence of wires, the desired field is 
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mil 1 os 1 1 > 
k 
27| (1-4) *(1 z) 
4 
-Hiẹ 
3T 


Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Easy Mangetic Field due to Current Carrying Conductor 


4. A conductor, in the shape of a square of edge length ¢ = 0.4m; carries a current of 10A. 
Now this conductor is formed into a single circular turn and carries the same current. The 
difference of magnetic fields, produced in two cases, at the respective centres, will be. 


(1) 10.5 uT (Incorrect) 
(2) 24.7 uT (Incorrect) 
(3) 3.6 uT (Correct) 
(4) 20.4 uT (Incorrect) 


Correct answer: (3) 

Solution: 

Magnetic field at the centre ‘O’ of the current carrying square loop. 2 

B = B +B,+B,+B, 
=4xB, 





Hol . 0a 0 
=4x sin45 +sin45 
aD)! ) 





g- 22i 
Tl 


=28.3 uT (inward) 
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Now, when wire is bent-into circular loop ofsingle turn. 


peat 
2a 
where ‘a’ is the radius of the circular loop. 


ne ea ec 
T 





Bie oe = 24.7 uT (inward) 


Hence difference of magnetic fields AB = ( B-B ') 
=3.6 uT 


Hence option (3) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Average Magnetic Field due to Straight Conductor 


5. Two long parallel transmission lines, 40.0 cm apart carry 25A and 75A current. The ratio of 
the distances (from the conductor carrying current of 25A), where the net mangetic field is 
zero, when the two lines carry current in (i) same direction and (ii) in opposite diretions, will 


be: 

(1) 1:1 (Incorrect) 
(2) 2:1 (Incorrect) 
(3) 1:2 (Correct) 
(4) 3:1 (Incorrect) 


Correct answer: (3) 


Solution: 


€x> 


L=75A 
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Magnetic field at point P 
Hoi Hol, =0 Le L 
2m 2n(r-x) x (r+x) 
L L L x 
x (r-x) L (r+x) 
25_ 75 loca 
% tex 3 (40+x,) 
3x=r-x x, =20cm 
4x =r = 40.0 


=> x= 10 cm 


Ratio% =! -1:2 
x, 20 


Hence option (3) is correct 


Unit—13 : Magnetic Effects of Current and Magnetism 
Average Magnetic Field due to a Current Carrying Conductor 


6. Four long parallel conductors carry equal currents of 5.0A. The direction of current is into 
the plane of the page at points A and B, and out of the page at C and D. The magnitude and 
direction of the magnetic field at point P, located at the centre of the square, will be: 


Pp 0.2 m 
(1) 20 pT downward B® oT @D (Correct) 
(2) 10 uT upwards (Incorrect) 
(3) 10 uT downward (Incorrect) 
(4) 20 uT upwards (Incorrect) 


Correct answer: (1) 
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Solution: 


u21 107x2x 5/2 
4nr 0.2 








_ 6 
B, =B,=B,=B, 54/2 x10°T 


a _ 0.2m -0.14m 
(Here I =5A,r B h f ) 











Net magnetic field at point P. 
B=,(B, +B,) +(B, +B.) =\(2B,) +(2B5} 
=2xJ/2 By 


=2xJ2 «5/2 x10°T 


=20uT downward 











Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult Magnetic Field due to Straight Current Carrying Conductor 


7. A regular polygon of n-sides is formed by bending a wire of total length 27; . If this wire 
now carries a current i, the magnetic field B, at the centre of this polygon, would be 


min’ sin” (x) 
O neos (%) (Incorrect) 
r min? cos? (x) 
O) “or rsin (x) (Incorrect) 
à min’ sin? (x) 
O) ony cos(™) (Correct) 
(4) zero (Incorrect) 


Correct answer: (3) 


Solution: 


i 2nr 
Length ofeach side ¢ = F 
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T 
and (half) angle 9 = 7 i—i = 
a ry, 
. ` l TE N i Ka 
Perpendicular distance (a) = 5 cot 8 = a cot 0 x # 
: N ; e) P a 
coer % I 
Mangetic field B = nx Fo’ dsin® > 
4ra Ww 
[oi (2n7)sin 6 O 
~ 4n(nr)cot 6 
_ min? sin? (%) 
2n’r cos(%) 


Hence option (3) is correct 


Unit—13 : Magnetic Effects of Current and Magnetism 
Difficult Magnetic Field due to a Straight Conductor 


8. A regular hexagon, of side h, is carrying a current i as shown, the magnetic field at the 
centre of hexagon is 





Lol 
(1) | Het 





(Incorrect) 
Q) oj tot) iagieecty 
(3) ts (Incorrect) 
(4) V3 (2) (Correct) 
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Correct answer: (4) 
Solution: 


The magnetic field (at the centre) due to all the six wires, forming a hexagon, are in the same direction, 
perpendicular tothe plan of page and directed outwards. 


Due to a finite wire the magnetic field, at a point distant a from it, is 


p= H2 £ 4 l, 
4ra | (i +a? |? +a? 


where 4, and £, are the distances of the two ends ofthe wire, from the foot of perpendicular, drawn from 





the field point on the wire. 


In the case of the hexagon we have 


h 
l =t,=3 and a=(2}tnso? En 


The magnitude of the field, at 0, due to each wire is 


h 
i Ho2 2 


= - -+ > z| —_ Ho? 
ia| a (+) () (=) (2) 23 mh 


Hence the total field at centre ofhexagon is 6B’ 








T 


Hence option (4) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult Magnetic Field due to Long Straight Conductor 


9. Two long parallel wires are at a distance d apart. They carry stready equal currents flowing 
out of the plane of paper. The graph which would represent the variation of their magnetic 
field, along the line XX’ ; would be the graph labelled as graph 
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(l) K 
Q) L 
G3) M 
(4) N 


(Incorrect) 
(Correct) 
(Incorrect) 


ncorrect) 


Correct answer: (2) 


Solution: 


Ifthe current flow out of the 
paper, the magnetic field at 
points to the right ofthe wire, 
will be upwards and to the left 
will be downwards (in the 





wire 1 wire 2 
t g 


1 1 
1 1 
I a 
I 1 
1 x 
x IP iC X 
+ 1 
1 1 
I I 
I d F 
<—_ 











plane of the peper). a K 
Net magnetic field at point O: 
Magnetic field, in the region QX’ will be Y 3 
upward and positive, because all points, lying j) 
in this region, are to the right ofboth wires. s 

/ it Ža 


X a x Magnetic field in the region PC will be upwards because points 


are closer to wire 1 compared to wire 2. Similarly the magnetic 
field in the region CQ will be downwards. The variation of the 


1 
magnetic field, due to a long straight wire, is as z Ce B= B, r= distance of field point.) 


Tr 


All these requirements are met by graph (L). Hence option (2) is the correct option. 
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Unit-13 : Magnetic Effects of Current and Magnetism 
Average Magnetic Field due to Current Carrying Conductors 


10. Two straight, infinitely long and thin parallel wires are spaced 0.1m apart and carry a 
current of 10 ampere each. The ratio of the magnetic fields, at a point at a distance of 0.1m 
from both wires, for the two cases. When the currents are in (1) same direction and (ii) 
opposite directions; would be 





First wire Second wire 
qd) 1:1 (Incorrect) 
D V3:1 (Correct) 
3) 1:v3 (Incorrect) 
(4) J2:1 (Incorrect) 


Correct answer: (2) 
Solution: 


Since point ‘P’ is situated equidistant from the wires A and B, hence magnitude of magnetic field at point P 
due to both the wires will be same. 





Bem Se! aa x a T 
2nd 0.1 
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(i) | When wires carry currents in same direction (Fig. 1) 


B, = 2Bcos 0(-i) = 23 x10°T (-i) 


GD | When wires carry currents in opposite direction (Fig. 2) 


B, = cos0(+j) =2B cos 60° = 2x10° T (along +) 


Hence ratio of magnetic fields in two cases 


-5 
J3 x2x10°T -5a 


2x10°T 


Hence option (2) is correct 


Unit—13 : Magnetic Effects of Current and Magnetism 


Average 


Magnetic Field due to Moving Charged Particle 


11. A pair of point charges q, = +4uC and q, =-1.5uC are moving y 


in a frame of reference with the velocities v, and vV, 
(v, =2x10°m/s, v, =8x10°m/s), as shown.The magnitude 


and direction of the magnetic field produced at the origin will be 


given by 
(1) 3.24x10° T outwards 
(2) 1.64x10* T outwards 
(3) 3.24x10* T inwards 
(4) 1.64x10*%T inwards 

Correct answer: (2) 

Solution: 

B _ Hoti (v, xr) 

! 4n n 





(Incorrect) 
(Correct) 
(Incorrect) 


(Incorrect) 
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107 x4x10*[2x10°îx (+0.33) | 
(0.3) 





T =+(8.89%107k)T 


107 x(-1.5x10~)] 8x10°jx0.4i | 
(0.47 





B, = T =[(7.5x107)k |T 


Total magnetic field B= B, + B, 
=| (8.89x107 +7.5x10")k|T =[16.4x107 ]k T 
= 1.64 10°° T outwards 

Hence option (2) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 


Average Biot-Savart Law 


12. A circular coil, of radius a, carrying a current I, is located in the xy plane, with its centre as 
the origin. The magnetic field B, due to this coil, at a general point (0, 0, c) on its axis, can 
be expressed as 


> xX 








3 


(1) Bo ta fest (ocss asin ga) (Incorrect) 
ma’ +c 


0 


27 


| {-asin6i+acas03)x{acosdi-+ asin} + cb} 





B=] 
(2) 4n (a? +c? ) (Incorrect) 
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2n (ad0)(i—j)x(acos0i+a sin 0j+ck] 


_ Ho 
B I ( pom o) (Incorrect) 


(3) 4r 





0 


MAI Qn (-a sin Bi +acos0j)d0x(-a cosi -asin 0j +ck) 
B = 
(4) 4n | 4 (a +02)" (Correct) 





Correct answer: (4) 
Solution: 
We need to use the Biot-Savart law: 


_ bol e 


4r r 





Acurrent element, d£ , of this circular coil, may be considered to be located around the point (x, y). We 
have dé = dxi +dyj 
Now, as seen from the figure, x =acos 0, y=asin 9 

dx =—asin0d0; dy=acos@d0 


The vector r, in the Biot-Savart law, is the position vector of the field point (0, 0, c) with respect to the 
location, (x, y, 0), of the current element. 


Hence r =(0 x)i +(O-y) j+(c 0)k 





=~acos Oi asin@j+ck 








7 [r| = (a? cos’ 0+a° sin’ 04 2) =(a? a 


The variable 0 varies from o to 2 n. Hence 





B= e K asino acoso > (-aoosth—asin of) 
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Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult Magnetic Field due to a Circular Coil 


13. We have two parallel co-axial circular coils of radius R, and number of turns N, carrying 
equal currents in the same direction. The two coils are separated by a distance R. The 
magnetic field, on their axis, around the midpoint between the coils, is (nearly) 





(1) HRN (Incorrect) 
(2) 0.36 a (Incorrect) 
(3) 0.08 Bi (Incorrect) 
(4) 0.72 = (Correct) 


Correct answer: (4) 
Solution: 


We know that the magnetic field, due to a circular coil, at an axial point distance z from its centre is given 
by 


Lyi R’N 


a n 
dr Ry 


R 
The field, due to first coil, at a point on its axis, at a distance of > from the centre, is 
INR? Ni 
2 % % 
aE sr] 2(3) R? 
4 4 


HoNi _ Ni 0.36u,Ni 
2Rx1.4 2.8R R 


B = 


1 














R 
Similarly the field, due to the second coil at a point on its axis, at a distance (=) from its centre is, given 


0.36 Ni 


by B, R 
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Resultant field B = B, +B, 


The two fields, being in the same direction, we have 
B= 0.72 HoNt 
R 


Hence option (4) is correct 


Unit—13 : Magnetic Effects of Current and Magnetism 


Average Magnetic Field due to Straight and Circular Coils 


14. Figure shows a semi circular coil of radius z along with long straight wires. When a current 
I flows through this set up, the magnetic field, at O, the centre of semi circular arc, equals 





i 
(1) b(t 2) outwards 


4nz\2 
Hol 
—*(m+2 
(2) an ( ) outwards 
Hol . 
(3) i ( 1 — 2) into the plane of the paper 


Hol [ . 
~| —+2 
(4) ie ( 2 ) into the plane of the paper 


Correct answer: (3) 
Solution: 


Magnetic field, due to semi circular portion, is given by 


1 2ni Ti 
B =- (2m) _ Hy directed inwards 
24n z Anz 





Now the the point O is at a distance z from the straight conductor P of infinite length. 
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1 
< |B,] = directed outward 


Also, the magnetic field at point O due to infinite long straight conductor Q, is given by 


i 
B, = Bi directed outward 
Anz 


Hence the resultant field 


B = B-B, -B, 








B HoTi Mo _ Hol _ Hol 


n-2),i 
be Anz Anz ma ), into the plane ofthe paper. 


or 


Hence option (3) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Average Magnetic Field due to a Circular Coil 


15. The graph which represents the variation of magnetic field, |B|, at axial points for a circular 
coil, with distance, x from the centre of the circular coil, is the graph labelled as graph 


(1) K (Incorrect) 











(2) L (Incorrect) B 

(3) M (Correct) (K) (L) 

(4) N (Incorrect) 
Correct answer: (3) O e — o a —> 
Solution: 
The field due to a circular coil, of 
radius a, at an axial point distance B 
x from centre, is given by t i 

(M) (N) 
: 2 
IB| _ Honi a ; 
2 (a? + x°) i— 


i-—> 


From above relation it is clear that 
|B| will have maximum value at the 
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centre O (x =0). From this value it decreases symmetrically along both the positive and negative x-axis. 
Hence option (3) is the correct option. 


Unit—13 : Magnetic Effects of Current and Magnetism 
Average Magnetic Field due to Current Loop 


16. The figure shows a wire frame, in xy plane, carrying a current I, the magnetic field at point 











‘O’ is 
wI J 1 Liz H 
(1) ra la b (Correct) 
ul fl 1 da 
—|—+-|k 
2) 8 b al (Incorrect) 
ul fl 1] 
= | —-—|k 
G) 4 la b] (Incorrect) 
ul fl iJa 
—|—+-|k 
4) 4] lb al (Incorrect) 
Correct answer: (1) 
Solution: 
Magnetic field at point O 


B, =B, +B, +B, +B, 


B, =0=B, 
pa lg 
8a 
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Thus B, =the Fa k 
a 


Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult Magnetic Field on the Axis of a Circular Loop 


17. The figure shows two coaxial circular loops 1 and 2, which form the same angle Q at point 
‘O’. If B, and B, are the magnetic fields produced at the point ‘O’, due to loops 1 and 2, 
respectively. Then 





B 

(1) a =l (Incorrect) 

2 

B 

(2) B. =2 (Correct) 
B 

(3) B. =4 (Incorrect) 
Bi Lg 

(4) B (Incorrect) 


Correct answer: (2) 
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Solution: 
B HoA, Ho 21m 
I 2 2\% 2 2\% 
2(x; +r ) 4n( x, +r ) i 
_ Ho 21x 
Similarly B, =e 


4n(x} +E ) 





But 5 = xtan 9 and x,=x 
n =2xtan 94 and x, =2x 


B x’ tan? %4(4x° +4x° tan? y% 


B, 4x? tan? y(x +x tan? 4)" 





% % 
1 (4)* (1+ tan? %) - 
4 (1+ tan’ yy 





Hence option (2) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 


Difficult Magnetic Field due to Straight Conductor and Circular Loop 


18. Current I flows through the wire as shown in figure, the semicircular part of the wire is 
perpendicular to x-y plane and out of the plane of paper. The mangetic field, at the centre 


°C’, of the semi circle, would be 


y 


(0, 2a, o)k; 





mot | 245 2-¥2) 


(1) 4a 2° T 





-ul îti (2242); 


2) dna | 2m 1 





+I i+j (2-42). 
(3) 4a a T 








-ul | $- (2-2) 


(4) 4a 2 T ( f) 








Correct answer: (1) 


Solution: 


Magnitude of magnetic field at point ‘C’ due to straight conductor. 








B, |= dT sin90° sin 45° | = Ho! fi 
mta 


4na V2 





= -Hol a 


“Ana | J2 | aone (=z) direction 


Magnetic field due to semicircular part 


_ Hl 
2= 42a along CO 


242 
(Radius ofsemicircle = i = V2a) and Unit vector along CO =- i 


z. Resultant magnetic field at C 


~ yt (iti) aa 245, 42) 
paite wt) ea 


k 








Hence option (1) is correct 
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(Correct) 
(Incorrect) 
(Incorrect) 


(Incorrect) 
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Unit-13 : Magnetic Effects of Current and Magnetism 


Average 


Magnetic Field on the Axis of Current Carrying Loop 


19. A uniformly charged ring, (having a charge q), of radius 


R, is rotated about its axis with constant linear speed m 
v for each of its particles. The ratio of the electric to 


magnetic field, at a point P, on the axis of the ring, i N 

distance x = R from the centre of the ring, is (‘c’ is the x=R ——1 

speed of light) 
c? 

0 => (Correct) 
v 
yv? 

2) — (Incorrect) 
c 
v 

6O = (Incorrect) 
c 
c 

4) > (Incorrect) 
v 


Correct answer: (1) 





Solution: 
At point P 
E- 1 qx o 1l qR 
ATE, (R? +x i ATE, (R? +x)" 
palo 2iA z 
4T (R? +2)" 
q_ qy 
=== = 2 
Here T 2nR and Area A =nR 
pato__avR 
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Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 


Average Magnetic Field due to Current Carrying Circular Loop 
20. In the given figure, the magnetic field at point P is 


y 





2u,l ; ° S 
(1) m v4- T (Incorrect) 


3 


I 
(2) ae 44m (Correct) 





2u I : 
O Se (4+n’) 


a (Incorrect) 
2u 1 
(4) (4 =n? ) (Incorrect) 


Correct answer: (2) 
Solution: 


Total magnetic field at point P 








uI ^ 
(B,), = Eo =J 
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(B,), = E j” 


(B,), =0 (P isalong the wire) 





2 








semi inifinte wire 














Hence option (2) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 


Average/Easy Magnetic Field on the Axis of a 


21. 


Current Carrying Circular Loop 


A current carrying circular loop, of radius a, produces a magnetic field. The variation of the 
axial magnetic field with distance (on the axis) from centre, will be depicted by the graph, 
labelled as graph. 





(K) 





x—> x —> 
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a) K (Correct) 
(2) L (Incorrect) 
(3) M (Incorrect) 
(4) N (Incorrect) 


Correct answer: (1) 
Solution: 
B, on the axis, at distance x, is given by 


pia? 


B=——_, 
2(a? +x)“ 


This shows that B decreases, in a (non-linear) symmetrical way, from its maximum value (at x = 0). It is 
graph (K) that is in accordance with these requirements. 


Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult Magnetic Field on the Axis of Current Carrying Circular Coil 


22. A charge of one coulomb is placed at one end of a non conducting rod of length 0.6 m. The 
rod is rotated in a vertical plane about a horizontal axis (passing through the other end of 


the rod) with an angular frequency 7x10° radian/second. 
If half of the charge be removed from one end and placed on the other end, the rod is again 


rotated in a vertical plane, but now about the horizontal axis passing through the mid point 
of the rod, (with the same angular frequency). 


The ratio of the magnetic field, in the two cases, at a point on the axis [whose distance from 
the centre, in first case, is 0.8 m and in second case 0.4 m], would be 


(1) 1:1 (Incorrect) 
Q) 2:1 (Incorrect) 
6) 1:2 (Correct) 
(4) 2:3 (Incorrect) 


Correct answer: (3) 
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Solution: 


Revolving charge is equivalent to current I = qy, the field, at a distance ‘d’, from centre, on the axis ofa 
current carrying circular coil, is 


B= pia? 
~ 2(a? +e u where ‘a’ is the radius of the coil. q=1C 
T 
0.6m 
o 
In first case we have TP =5x10A J 
OF a a S E ——>B 
0.8 m ——>P 


=1.13x10°T 





p- {tx107 x5x10) x(0.6) 
4 
2| (0.6) +(0.8)' | 
In the second case we have the equivalent current, for each half, 
pot * iors 
2 2 


Here a= 0.3m, d= 0.4m 
0.6 m 


4x10" x2x10"x(0.3)° 





B'=2x 





2{ (0.3) +(o4) | 4 


z. Ratio of magnetic field, produced in first case, to that in the second case, is 


" -(°5) i [(0.3)° +(04) T mama 


' 3y =4 == 
ee [(0.6)° +(0.8)' | *“Foox10 2 








=1:2 


Hence option (3) is correct 


Unit—13 : Magnetic Effects of Current and Magnetism 


Average Magnetic Field due to a Current Loop 


23. Consider a co-axial cable which consists of an inner wire of radius ‘a’, surrounded by an 
outer shell, of inner and outer radii b and c, respectively. The inner wire carries a current I 
and the outer shell carries an equal and opposite current. The magnetic field at a distance 
x from the axis, where b <x < c, is 
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(1) 2nx(c —a 


Q 5 


O mlv) 


— 
O 
N 
© 
N 
YS |e KS | YK |" | 


(4) 5 


Correct answer: (3) 


Solution: 
Consider an amperian loop of radius ‘x’ (b< x <c) 
Threaded current I’, by this amperian loop, is 














Hence option (3) is correct 
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(Incorrect) 
(Incorrect) 

(Correct) 


(Incorrect) 


Unit-13 : Magnetic Effects of Current and Magnetism 


Difficult Magnetic Field due to Cylindrical Conductor Carrying Current 


24. Along cylindrical conductor, of radius ‘a’, has two cylindrical 
cavities of diameter ‘a’, through its entire length, as shown 
in cross section in figure. A current I is directed out of the 
page and is uniform throughout the cross section of the 
conductor; the magnitude and direction of magnetic field at 





point P will be 
Lgl} 21? +a? 
(1) | Apa upwards 
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Lgl | 21? +a? 

(2) 2r Ap ae? upwards (Incorrect) 
Lgl} 21? +a? 

(3) ae ae aa? downwards (Incorrect) 








Lgl | 2r +a? 
(O) m| 4? +a 


| downwards (Incorrect) 


Correct answer: (1) 


Solution: 





B,Sinð R, ¥ 

B, Cos 0 
+ 

B, Cos 8 

Let B, B, and B, be the magnetic fields, due to complete cylinder and due to the upper and lower cavity 

respectivley. 


p, -#2245 a aa 





! 4n Ie? 
_My 21, n0? F —p,1 nd a 
B, re | sinð i cos j| - +2 (+sin0 i+c0s9}) 


r p 2ry4r’ +a’ 
4 








(sino î cos 0) _ Hol (sino î cos 0 j) 


2I 
An r a 2nV4r? +a? 
4 











f2 2 > 
Total B = B,+B,+B, = l oe l 


2n |r V4r? +a? 
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But cos 0 = 





Ij 2 4r z 2 7 
Bate |; = Lol 2 at al 
2ni r (4r +a ) 2nf 4r° +a 


_ Mol | 8r? +2a? -4r |a _ 2xpyl] 2r +a? ja 
2nr 4r’ +a’ One | ta? |? 


_ Wl 2r° +a? |r 
nr | 4r +a? J 


Hence option (1) is correct 














Unit-13 : Magnetic Effects of Current and Magnetism 
Average Ampere 's Circuital Law 


25. The current density, in a wire of radius ‘a’, varies with ‘r’ according to j = Kr’, where K is a 
constant and ‘r’ is the distance from the axis of the wire, the magnitude of magnetic field at 
a point (inside the wire), at distance ‘r’ (0 <r < a) from the axis, will be 





HoKa* 
(1) (Incorrect) 
4r 
MKr? 
(2) E (Incorrect) 
HoKr? 
(3) 4 (Correct) 
(4) zero (Incorrect) 


Correct answer: (3) 
Solution: 


Current passing through the area enclosed by (the Amperian) path 


dI = jdA = Kr’ (2rrdr) 
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r 4 
1=K|2rar = 
0 


Using Ampere’s circuital law 


p Bde = Hol enclosed 


Bx2nr = WKT“ 
B- HyKr° 
4 


Hence option (3) is correct 


Z 


Unit-13 : Magnetic Effects of Current and Magnetism 


Difficult 


Ampere s Circuital Law 


26. Two infinite plates, shown in cross section in figure, carry i amperes of current and out of 
page per unit width of the plates. The magnetic field, at points P and Q, will be, respectively, 


(1) Oand u;i 


1. 
(2) 0 and 5 Hol 


l. ; 
(3) Plas and ui 


(4) pi and 0 
Correct answer: (1) 


Solution: 


P 
3 (Correct) 
(Incorrect) 


(Incorrect) 


(Incorrect) 


To calculate the magnetic field due to current carrying infinite plate at point A. 


Choose PQRS as an Amperian loop. 
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È Bdel= i B.dé+ Í B.d£+ Í B.d£+ i Bdé 


PQRS P>Q QR R>S SP 


=0+B/+0+Bé =2Be 





Hence 2B é = uil 


B= Hi B, P B, 
z. At point P 

Net B=B,+B,=0 —> 

At point Q 





B=B,+B,= i 


Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Easy Force between two long Parallel Current Carrying Conductors 


27. Two long parallel straight wires P and Q, seperated by a distance of 10cm in air, carry 
current of 2A and 5A, respectively, in opposite directions. Then the force, on 20cm length 
of wire Q, is 


P Q 
10 cm 
PE A, 5A 
(1) 2x107 N, perpendicular to the length ofQ and acts towards P (Incorrect) 
(2) 2x10°N, perpendicular to the length of Q and acts away from P (Correct) 
(3) 2x10°N, and acts towards P (Incorrect) 
(4) 2x10-7N, and acts away from P (Incorrect) 


Correct answer: (2) 
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Solution: 
pr|= to ob 
4n r 


Hy) 2x2x5x0.2 
4n 0.1 


N=2x10°N 





The direction of F will be perpendicular to the length Q and it acts away from P. (F between ‘unlike 
currents’, is a force of repulsion) 


Hence option (2) is correct 


Unit—13 : Magnetic Effects of Current and Magnetism 
Easy Motion of Changed Particle in a Magnetic Field 


28. A particle of charge q and mass m, moves in a circular orbit of radius r, with angular speed 
œ. The ratio of the magnitude of its magnetic moment, to that of its angular momentum, is 


given by 

(1) aL (Correct) 
2m 

2 a (C t 

2 ah orrect) 

ay oe Incorrect) 

(3) 2m (Incorrec 

(4) qo (Incorrect) 


Correct answer: (1) 


Solution: 


2 


qor 
2 





The magnetic moment M| =iA=q í = ( mor ) = 


Angular momentum= Jo = (mro) 





qor? 
Hence M__2 = a 
L mr’o m 


Hence option (1) is correct. 
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Unit-13 : Magnetic Effects of Current and Magnetism 
Easy Force of Charged Particle in Magnetic Field 


29. An electric current ‘i’ enters, and leaves, a uniform circular wire of radius ‘a’ through 
diametrically opposite points, A charged particle q, moving along the axis of circular wire, 
passes through its centre at speed ‘v’. The magnetic force acting on the particle, when it 
passes through the centre, has a magnitude 


(1) qv Ed (Incorrect) 
2a 
Lol 
y Hol 
2) Wie (Incorrect) 
Hoi 
y Het 
O Ira (Incorrect) 
(4) zero (Correct) 


Correct answer: (4) 
Solution: 


Explanation: When current enters into wire, it gets divided into two equal parts; these meet at a point, 
diametrically opposite, when leaving the circular wire. Hence the two halves of this wire produce (equal 
magnitude) magnetic fields at the centre, which act in opposite directions. Therefore the net magnetic field 
at centre is zero. Hence the particle, while passing through centre, experiences no force; [F = qy x B]. 


Hence option (4) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Average Motion of Charged Particle in Electric and Magnetic Fields 


30. A uniform magnetic field, 0.75 T, is set up over a small region by using a pair of co-axial 
circular coils. In the same region a uniform electrostatic field of magnitude 9x105 V/m is 
maintained in a direction normal to the axis of coils. A narrow beam, of charged particles, 
all accelerated through 15 KV, enters the region in a direction perpendicular to both the 
axis of coil and the electrostatic field. Under these conditions the beam remains undeflected. 
Then the particles present in the beam, could be 


(1) electrons (Incorrect) 
(2) ionized hydrogen atoms (Incorrect) 
(3) deutron ions (Correct) 
(4) alpha particles (Incorrect) 
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Correct answer: (3) 


Solution: 
Under the specified conditions the beam willremain undefined when 
E 
Bqv =qE or v=— 
qv=q B 


When a charged particle, of charge q, is accelerated through a potential V, the gain in the energy of the 
particle is qV. 


1 
Hence zm =qv 


ii 
V 


3 |e 
Nile 


Substituting the given values, the value of a obtained is 4.8x107 kg 
Now we have to see which particle has the same value of = 
For deutrion ions, we have 


-19 
fe a © agw E 


m (2x1.67x10”) kg kg 





Hence the particle in the beam could be deuterium ions. 


Hence option (3) is correct 


Unit—13 : Magnetic Effects of Current and Magnetism 
Average Force between two long Parallel Current Carrying Conductors 


31. Along wire AB is placed on a table. A wire xy (mass = m), of length, z, is kept parallel to, 
and above AB. xy can slide up and down on two vertical wires. The two wires are carrying 
currents I, and I, respetively. The wire xy will settle at a distance d above the wire AB, 
where d equals (nearly). 
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Hol 

(1) =; (Correct) 

LL 

(2) (Hols Vme) (Incorrect) 
4nz 1 

(3) uh, ng (Incorrect) 
2nz 

(4) [2% tt) (Incorrect) 


Correct answer: (1) 
Solution: 
Let the wire xy settle at a distance d above the wire AB. The magnetic force, on wire xy, of length z, due 
to current in AB is (nearly). 
IL 
IF -h i23 

27 d 

Since the currents in wires AB and xy are in opposite directions, this force, on xy, will be upwards. 


The gravitational force on xy acting vertically downwards will be mg 


Ho LL 
H -zm 
ences d 8 


guet) 
27 mg 
Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Average Motion of a Charged Particle in a Magnetic Field 


32. A beam of alpha particles, accelerated through a potential V, enters a region, between two 
long parallel plates, separated by a distance a. A uniform magnetic field, B, directed normally 
outwards from the plane of the page, exists in the region between these two plates. The 
minimum value of |B], that can just prevent the a -particles from colliding with the second 
plate, equals. 
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OO000 
O0000 
THT 
Spans 199000 
00000 
OO0000 
O0O000 
OO0000 
1(Vm, \4 i 
da) — z =) (Correct) 
2(2Vm, \ 
O ae (Incorrect) 
1(2Vm, Y 
O g A (Incorrect) 
2( Vm, % 
O al (Incorrect) 


Correct answer: (1) 


Solution: 
Let v be the velocity acquired by the alpha particles. We then have 


a 


v= ay 2 2(eVm,')’ 
y m, 


The (normal) magnetic field would bend the path of these a -particles into a circle of radius R, where 


(2e)V = zm v? 


2 
m,V 





=(2e) vB 


R = m,y = (eVm, ic 
2eB eB 


p=(Ye) 1 
e R 





To prevent collision with the second plate, R should not exceed a. Hence the minimum value of B, needed, 
is 
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hs 
V: 
B min -4 2) 
a e 


Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 


Difficult Motion of a Charged Particle in a Magnetic Field 


33. 


A long thin solenoid, having its axis along the x—axis, has an 
insulated wire wound on its core. The solenoid carries a current lt i 


I and has n turns of wire per unit length. E py "A rA 
An electron beam (charge = e, mass = m) from a source, moves y 
with a velocity y = ycos6i+ vsin 0j , in the (nearly) uniform 
magnetic field region of this solenoid. The path of these 
electrons, inside this region, would be a Z 
: : i mvcos 0 
(1) circular path in the yz plane, ofradius r = re (Incorrect) 
epn 
? Lass . i . mvsin 0 i 2nmmv cos 8 
(2) helix (with its axis along the x-axis) of radius r = ———— and pitch P = ———_—_ 
eu nl eu nl 
(Correct) 
ee : f mvcos 0 : 2nmv sin 9 
(3) helix (with its axis along the y—axis) ofradius r = a and pitch P= ~——_,— 
ep. nl (en) 
(Incorrect) 
: : f mvsin ð 
(4) circular path, in the z—x plane, ofradius r = M (Incorrect) 





eu nl 


Correct answer: (2) 


Solution: 


The long thin solenoid, produces a (nearly) uniform magnetic field, B, around its midpoint, where 


B = (u1pni) (+41) 


Due to this field, there is no force, on the electron, due to the x-component (= vcos 0) of its velocity. 


Hence this component, of the electron’s velocity remains unaffected by the field. Due to the y-component 


(= vsin 0) ofits velocity, the electrons would describe a circular path, of radius r, where 
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x 2 
VSN) fain) 
r 


mvsinð _ mvsin ð 





t= 
Hence eB ep nl 


The time period, for completing this circular path, is 
T= ou _ 2mm 
vsinO enl 








The pitch, p, equals the distance, moved along the x—axis, ina time T. 


2nmv cos 0 


Hence p=vcos0. T 7 enl 


Hence option (2) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 


Difficult Force on Current Carrying Conductor 


34. A conductor, of length ‘ ¢’, is placed normally to a horizontal uniform magnetic field B. 
When a certain amount of charge is suddenly passed through it is found to jump to a height 
‘h’. The amount of charge that passed through the conductor is 














m,/gh 
1 
(1) Be (Incorrect) 
m,/gh 
2 
(2) Be (Incorrect) 
3) m,/2gh c i 
Be (Correct) 
4 m,/2gh in i 
(4) 3B7 (Incorrect) 


Correct answer: (3) 
Solution: 


Force x time = impulse = Change in linear momentum 


Í I/B.dt = mv -0 (v = velocity acquired by the conductor) 
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(BJ dq = mv 
my 
[isasi 


Now v is related to h by v =./2gh 


m,/2gh 


6B 


Hence option (3) is correct. 





Unit-13 : Magnetic Effects of Current and Magnetism 
Average Motion of Charged Particle in Magnetic Field 


35. A charged particle is accelerated through a potential difference of 12 KV and acquires a 
speed of 10° m/s. It is then injected perpendicularly into a magnetic field of strengh 0.2 T. 
The radius of circle would be 


(1) 12cm (Correct) 
(2) 8.33 cm (Incorrect) 
(3) 0.833 cm (Incorrect) 
(4) 1.2mm (Incorrect) 


Correct answer: (1) 
Solution: 
Given accelerating voltage = 12 KV = 12x10 V 


naa 


F=q 7 


. V 
acceleration a = gr 
mé 


Now v*?=u’+ 2as 


(10°) 04 22) eae 








m 


10” 


23x12x10 = 24x10” 


ae 
m 
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radius r= TY = 24%107 x10° io 
qB ir eee 





Hence option (1) is correct 


Unit—13 : Magnetic Effects of Current and Magnetism 
Average Force Experienced by a Current Carrying Conductor 


36. A wire is bent in the form of an equilateral triangle of side 10cm and carries a current of 
5.0A. It is placed in a magnetic field B of magnitude 2.0T directed perpendicular to the 
plane of the triangle. The force, experienced by each side of the triangle, and the net force 
experienced by the wire, will be 


(1) 0.87 N and 2.6N, respectively (Incorrect) 
(2) 0.50 N and 1.5 N, respectively (Incorrect) 
(3) 1.0 Nand zero N, respectively (Correct) 
(4) 1.0Nand3.0N, respectively (Incorrect) 


Correct answer: (3) 
Solution: 


The magnetic field is directed into the plane of paper and wire is in the plane of paper and carries current 
as shown in the figure. 


Directions of forces F, F, and F, will be as shown in Fig. 











|F,|=|F,|=|F,|=1¢xB =I/Bsin® * sp7” ù 
= I/Bsin 90° x x x 
= 5.0x0.10x2.0 N = 1.0 N 
x x 
Using vector rule, we get 
P Q 
F +F, +F, =0N x xX X X 


Unit—13 : Magnetic Effects of Current and Magnetism 
Difficult Force on a Current Carrying Conductor 


37. The segment, AB ofa wire, carrying a curent I, is placed perpendicular to a long straight 
wire carrying current I, as shown in figure. The magnitude of force, experienced by wire 
AB, is 
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A + B 
— > 
K— 2a —> 
Mol 1, 
1 —— = log .3 
(1) 2T £ 
Holil, 
2) ——/og.2 
2) 2m E 
Holl, 
3 
p = 
Holil, 
O n 


Correct answer: (1) 


Solution: 
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(Correct) 
(Incorrect) 
(Incorrect) 


(Incorrect) 


Consider a small element oflength ‘dx’ at distance x from end B of the wire. 


Force on this portion dF = I dxB 








dF =I dxx Ll, _ Ho 211, 
: 2n(xta) 4r(a+x) 
Total force F = je- BaL 5 
T a+x 
HUF nfa ta)" 
shell 0-12) (n3a — lna] 
An 
Holil, n3 = Holil, log,3 
2T 2T 


Hence option (1) is correct 
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Unit-13 : Magnetic Effects of Current and Magnetism 
Average Force due to a Magnetic Field 


38. An equilateral triangle frame, PQR of mass M and side ‘a’, is kept under the influence of 
(i) amagnetic force, due to an inward perpendicular magnetic field B, and (ii) The gravitational 
field, as shown in the figure. The magnitude, and direction of current that should flow in the 
frame, so that it remains at rest, is 





2mg : 

d) I= aB’ anticlockwise (Incorrect) 
2mg i 

(2) I= 7B’ clockwise (Correct) 
m 

(3) I= = , anticlockwise (Incorrect) 
m 

(4) I= E , clockwise (Incorrect) 


Correct answer: (2) 


Solution: 


. . v3 o_a 
Effective length of the wire = ST = L =2 x ao cot60° = 5 


For equilibrium I/B = Mg 


2mg a 
[=——= as l=- i 
aB ( z) Clockwise 
Unit-13 : Magnetic Effects of Current and Magnetism 
Average Motion of Charged Particle in Electric & Magnetic Fields 


39. Uniform electric and magnetic fields, with strength E and B, are directed along y—axis. A 
particle with specific charge q/m leaves the origin in direction of x—axis with an initial 
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velocity v,. The angle «, between the particles velocity vector, and the y—axis at the moment 
of leaving will be 


(1) 


(2) 


G) 


(4) 


a = tan” 
a = tan” 
a= tan” 
a= tan” 


Correct answer: (1) 


Solution: 








Bv, ) 

cau (Correct) 
By, 

mE (Incorrect) 
2Bv, 

TE (Incorrect) 
2Bv, 

3nnE (Incorrect) 


The path of the particle is helix of increasing pitch, the axis is parallel to y-axis (parallel to E) and plane of 
circle of helix is the XZ plane (perpendicular to B) the particle will cross the y—axis after time. 


t=ar=al 


2mm 
Vy 








qB v 
2 
1/ qE \| 2nmn 
E 2a 2 í m j qB ) u 
_ 2n’mEr? Ve = Vo 
qB° 


Velocity (y-component) at this moment 





v, =a,t (£=) -2m{ E) 
m qB B 


a = tan” l 


W 
7 = tan 
Vy 





af V)B 
2mE 


Hence correct option is (1) 
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Unit—13 : Magnetic Effects of Current and Magnetism 
Average Motion of Charged Particle in Magnetic Field 


40. A proton enters a region of uniform magnetic field at point E with the speed of 1.0x10’ m/s, 
as shown in figure, the strength of magnetic field is 1.0T and is directed into the plane of 
paper. Proton leaves the region of field at point ‘F’ the distance, EF and angle 0, will 
respectively, be equal to (nearly) 








x x 
x x 
X Xx 
x x 
(1) 15 cmand 45° (Correct) 
(2) 7.5 cmand 22.5° (Incorrect) 
(3) 15 cmand 22.5° (Incorrect) 
(4) 7.5 cmand 45° (Incorrect) 
Correct answer: (1) 
Solution: 
2 
The radius, OE, ofthe proton’s circular path is given by v= qvB 
mv 
r(= OE) = — 
(08) = 
We also have; 


ZAEO = 90° (Radius and tangent) 

ZAEC = 45° (Given) 

We have /OEFF = 45° 

OF and OE are radii of the circular arc, we have ZOFE = 45° 


angle 0= 45° 
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Now EF =2 OE cos 45°; 


EF =2{ BE) 


qB) 2 


2x1.67x1077 x1.0x107 1 
= = x m 
1.6x10-" x1.0 V2 





=14.8cm =15cm 


Unit-13 : Magnetic Effects of Current and Magnetism 
Average Force on Current Carrying Conductor in Magnetic Field 


41. A rigid wire consists of semicircular portion of radius ‘R’ and two straight sections as 
shown in figure. It is present in a uniform perpendicular magnetic field ‘B’. The magnetic 
force on the wire, when it carries a current ‘i’, would be 





(1) (2iRB) upward (Correct) 
(2) (2iRB) downward (Incorrect) 
(3) (inRB) upward (Incorrect) 
(4) (inRB) downward (Incorrect) 


Correct answer: (1) 
Solution: 


The directions of forces F, F, and F, is marked as per the Fleming’s Left hand 
tule. 


Since force F, and F, are acting in opposite directions and are equal in magnitude, 
they cancel each other’s effect. 





Hence the total force on the given loop is due to the semi circular portion, 
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which is equal to 
F, =12xB 
|F,|=i(2R)Bsin 90° 


= 2iRB acting upward on the given loop. 


Hence option (1) is correct 


Unit—13 : Magnetic Effects of Current and Magnetism 
Average Force on a Current Carrying Conductor in Magnetic Field 


42. The force on the current carrying conductor KL, in a niform (normal) magnetic field, B, will 





be 
x x x x x x 
IB (a +c? -b° +2r+ d), downwards in the plane of paper (Incorrect) 
(2) IB ( a+b+c+nr+ d), upwards in the plane of paper (Incorrect) 
IB (a+Ver-b? +c? -b° +nr+ a) , upwards in the plane of paper (Incorrect) 
(4) IB (a +c? -b° +r+ a) , upwards in the plane of paper (Correct) 
Correct answer: (4) 
Solution: 
Net force from K to L 
We have; dF =I(déxB) 
L P Q R S E 
F= [dF = [I(dé,xB)+ fI(d£, xB)+[I(dé,xB)+[1(dé, xB)+[I(de, xB) 
K K P Q R S 
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F.,, =IB (a +c? —b? +2r4 a) upwards in the plane of paper. 


Hence option (4) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult/Average Motion of Charged Particle in Magnetic Field 


43. An electron gun G emits electrons of energy 2 KeV travelling 
along the positive x-direction. The electrons are required to 
hit the spot of S where GS = 0.1m and the line GS makes an Z 
angle of 60° with the x-axis as shown in figure. A uniform B 
magnetic field B, parallel to GS, exists in the region outside 
the electron gun. The minimum value of magnetic field, B, 60° 
needed to make the electron hit at S, well be G x 


(1) 2.37x10¢T 
(Incorrect) 


(2) 4.73x10¢T (Correct) 
(3) 1.58x10¢T (Incorrect) 
(4) 9.46x10¢T (Incorrect) 
Correct answer: (2) 
Solution: 
For the electron to hit the target, distance GS should be a multiple of the pitch ofits helical path 
GS = np 
where n = integer, p = pitch 


For minimum distance n= 1 


GS =p [22 |(voo 0) = = (mv)eos@ 
pa oe v2mk cost (+ mv = V2mk) 
q 


2nv2mk cos 0 


qp 


Hence, B = 


383 


UDOON 


A program to give wings to girl students 





2x3.14/2x9.1x107! x2x10°x1.6x10°" x 





1.6x10™ x0.1 
= 4.73 x 10*T 


Hence option (2) is correct 


Unit—13 : Magnetic Effects of Current and Magnetism 
Average Force due to Magnetic Field 


44. Athin, 50cm long metal bar, with mass 750 g rests on, but in R 
not attached to, two metallic supports in a 0.450T magnetic 
field as shown in figure. A battary and resistance 


R(=25Q), in series, are connected to the support. The 


maximum voltage, the battery can have without breaking eee 
the circuit at the supports, will be x x f/x 
(1) 600 V (Incorrect) 
(2) 817.5V (Correct) 
(3) 824.5V (Incorrect) 
(4) 807.25 V (Incorrect) 


Correct answer: (2) 

Solution: 

FBD ofmetal bar, for metal to be in equilibrium. 
Fat N=mg F 
F, =mg—N N 
B =mg—N 


af (B=mg—N 
R 
m 
v= (mg-N) = 
(B 
For maximum voltage, N = 0 


R 
V _ =—m 
m = 7B g 
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_ 25x 750x107 x 9.8 
50x10? x0.450 





=817.5 V 


Hence option (2) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 


Difficult Force between two Parallel Current Carrying Conductors 


45. Along horizontal wire AB, which is free to move in a vertical plane, and carries a steady 
current of 20A, is in equilibrium at a height of 0.01m over another 


parallel long wire CD. The wire CD is fixed in a horizontal plane }=A-—————————-B 
and carries a stready current of 30A. As shwon in figure. If wire 

AB is very slightly depressed and released, the time period of} ————_D 
its simple harmonic oscillations, will be 

(1) 9.86 second (Incorrect) 
(2) 3.14 second (Incorrect) 
(3) 0.1 second (Incorrect) 
(4) 0.2 second (Correct) 


Correct answer: (4) 
Solution: 


Force per unit length on conductor AB 


_ My 2L, ¥ i 
4n r AF B 


E E, a 
i r 
m 
For equilibrium f =-7 8 = Ag o— FD v 
Hence jets 
T r 


Net force on unit length ofwire AB 
da =Ag-f' where ‘a’ is the acceleration 


Ho 201, by 211, 


A = 
ae 4n r  4n(r-x) 
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na = Ho 21,1,x 
4n r(r-x) 
When x << r pa =Po 2hb 
4r r 


ae -( Holil, Jx 
2har 


<. For the motion to be simple harmonic we must have a = - œx 


Hence œ? = Holle 
2AT? 


ü= 1 [Holl 
r\ 2An 
2 2har? r 
Now a -27 a =27 -27 f 
o uo], 2TrÀg g 


Substituting values, 


T=2x3.14 ra second = 0.2 second 


Hence option (4) is correct 





Unit-13 : Magnetic Effects of Current and Magnetism 
Average Force on Charged Particle in Magnetic Field & Electric Field 


46. Anelectron moves straight inside a charged parallel plate capacitor of uniform surface 
charge density o. The space, between the plates, has a constant magnetic field B, as 
shown in figure. Neglecting gravity, the time taken to cover straight line distance, ‘ z °, by 
as electron, moving with a constant velocity v, in the capacitor, will be 


ttt+ttt+tt+t+t++++t 


x x xX x!o 
Cc —— 
x x X x 
B 
x x x x 
-0 
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1 ee ae Incorrect 
O gB (Incorrect) 


(2) zB (Incorrect) 





(3) (Correct) 


o 
€B 
loj 


(4) 


(Incorrect) 


Correct answer: (3) 
Solution: 
Net electric field between the plates of capacitor 
E=E +E, 
o o o 
=— +— = — 
2& 28 & 
. Force on the electron due to electric field 
F. |=eE 
Force on the particle due to magnetic field 
F, =e(vxB)=evB 








For unaccelerated straight line motion F 


net 


=F, +F, =0 
: : E o 

Hence eE =evB which gives v = — = — 

B &B 

Hence, time ofmotion, inside the capacitor, is 

l lB 

v o 

Hence option (3) is correct 


t= 


Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult Force on Current Carrying Conductors 


47. Threeinfinitely long thin wires, each carrying current i, in the same direction, arein thex— 
y plane of gravity free space. The central wire is along the y—axis while other two are along 
x =id. If the central wire is displaced, along the z-direction, by a small amount, and 
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released, it starts executing simple harmonic motion. If the linear density of wire is ),. The 


frequency of oscillations will be 


y axis 


(1) qe ae 
(2) aa 
o aye 
o 3s 





Correct answer: (1) 


Solution: 


(Correct) 


(Incorrect) 


(Incorrect) 


(Incorrect) 


Let the +y—axis be perpendicular (into) the plane of paper x and z axis are in the plane of the paper. 


After displacing the central wire, along the z axis a little, through a distance, ‘z’, say 





voz 
Force/length, acting on the central wire, is F, = 2F cos 8 = 2 x Pot x 


net 








e N. 
Tu" n(d +z’) 
z 
Ifz<<d, then F,, =- z 
nd’ 


Let ‘a’ be the acceleration in the wire in this 
position then 


a2. 


+2 
i i 
F =a =- Z a=- 7 








nd? E mad? 


2m r 
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2 +2 Š 
Hoi 2_ Mi i [Mo 
H o? v ->v 
eee md? 4rd? 2nd \ nà 


Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Average Torque Acting on a Current Loop 


48. A circular loop, of radius 20cm, is placed (in the x-y plane), in a uniform magnetic field of 
strength 2.0 tesla, that is directed as shown, in the xy plane. The loop carries a current 1.0A 
in the direction shown in figure. The torque acting on the loop will be. 


y 


coms 








a) 0.18 (1-3) (Correct) 
(2) 0.18 (i+3) (Incorrect) 
(3) 0.18 (i+k) (Incorrect) 
(4) 0.18 K (Incorrect) 


Correct answer: (1) 

Solution: 

The magnetic field can be expressed as 
B=2c0s45°i+2sin45 j= V2(i+3)T 


Magnetic moment is always perpendicular to the plane of loop. In the given figure its direction will be into 
the plane of paper. 


M =NiA =| (1)(1.0)(0.2)' (-K) |Am* = 0.04n(—K) Am? 


Torque t=MxB 
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= 0.04n(—k)x-V2 (+3) =-0.04nV2(j-7) 


A A 


= 0.04x3.14x1.414(j—1) =0.18 (i-i)N-m 
Hence option (1) is correct. 


Unit—13 : Magnetic Effects of Current and Magnetism 


Average 
Force on Conductor 


Ma 


49. A conductor, of length ‘ 7’, lies along the x-axis. It carries 
a current i (along the x-axis). The magnetic field, acting in 


the region is B = Brk , where r is the distance of the field 


z 
ES 
zZ 
Z 
zB 
Ea 
Ea 
eB 
B 
— 
zZ 
ES 
ES 
ES 
zB 
kA 
kA 
kA 
FA 
zZ 
zZ 
Z 
2 
Zs 
kA 


point from the origin. The amount of work done in turning it A 
at a constant angular speed, through a right angle, (as shown LTTE i 








in figure), will be A< l —>B 
IB, T 
(1) a (Incorrect) 
IB, 
2) a (Incorrect) 
IB, T 
(3) ae (Correct) 
IBC 
(4) > (Incorrect) 
Correct answer: (3) 
Solution: 
Force acting on small element of the conducting rod at distance x from end A 
dF = IdxB,x 
Torque about A due to this force 
dt=xdF = IdxB,x* A 
t 3 
1B >a 
Total torque t= IB, | x°dx = EI 
0 e x — dx 
Bf 


o% 


3 





External torque required to rotate = = 
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IB,¢° InB,¢° 
Hence work done © = 10 = 3 x5= a 





Hence option (3) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult Torque / Force on a Conductor 


50. A straight conductor, of mass ‘m’, and carrying a current i, is hinged at one end and placed 
in a plane perpendicular to the magnetic field of intensity B as shown in figure. At any 
moment, if the conductor is let free then the angular acceleration of the conductor (neglecting 
the effects of gravity) will be 





£15 x x 

—— S‘ 

2iB 

a) 3m (Incorrect) 
3iB 

2 m (Correct) 
iB 

(3) 7m (Incorrect) 
3iB 

(4) Ai (Incorrect) 


Correct answer: (2) 
Solution: 
Force acting on the elementary portion ofthe current carrying conductor 
dF =i(dr)Bsin90° = idrB 
Torque ofthis force, on this element, about ‘0’ 
dt=rdF Q 
Hence total torque about 0 = Í dt = Í r(iBdr) 


a 
Ş 


— r — 
iBL? 





L 
= IBfrdr = 
0 
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T T 
o 
Angular acceleration MI 





Moment of inertia 


2 





Here Moment of inertia = 


3IBL? _3iB 


Hence @ = —— = — 
2mL? 2m 


Hence option (2) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Easy Moving Coil Galvanometer 


51. A galvanometer coilis would on the same frame but with a wire of one fourth of the original 
diameter and 10 times the original number of turns. The ratio of the new deflections to the 
‘old’ deflection, per mA of current the same current as before is supplied to it will be. 


(1) Z (Incorrect) 

(2) 2 (Correct) 

(3) = (Incorrect) 
5 

4) ig (Incorrect) 


Correct answer: (2) 
Solution: 


Let dashed quantities denote the new values and undashed quantities the ‘old’ values. 


d'=— n'=10n 


The deflection, Q, is related to the current I by the relation I = £o 


_ 4c 
nad’B 
4c0' _— 64c0' 


[= 
and Toon’ B 1OmBd? 
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4c0 _ 64c0' 
nnBd? 10nnBd? 
r_5 
or 08 


Hence option (2) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Easy Moving Coil Galvonometer 


52. A galvanometer is sensitive if it shows as large a deflection as possible when a very small 
current is passed through it. To achieve improved sensitivity of the galvanometer, the 
manifacturers prefer to 


(1) increase nas wellas k (Incorrect) 
(2) decrease k and increase A (Incorrect) 
(3) increase nand A (Incorrect) 
(4) increase B and decrease k (Correct) 


Correct answer: (4) 
Solution: 


The value ofn cannot be increased beyond a certain limit. This can make galvanometer bulky also its 
increase the resistance ofthe galvanometer. 

Also the area A cannot be increased beyond a limit. It willmake galvanometer unmanagable in size and the 
coil will then not be in auniform field. How ever B can be increased using a powerful source of magnetic 
field and k can be decreased by using materials like quartz or phospher bronze as suspension strips. 


Unit-13 : Magnetic Effects of Current and Magnetism 


Easy Moving Coil Galvanometer 


53. In the design of a moving coil galvanometer a soft iron cylinder is kept concentric with 
cylinderical concave pole pieces and enclosed by them. The role of the soft iron cylinder is 


to 
(1) provide stability to the suspension system of the galvanometer (Incorrect) 
(2) provide a uniform field between the pole pieces of the magnet used (Incorrect) 
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(3) to provide a stronger field (Incorrect) 


(4) provide (along with the curved pole pieces) a radial field between 
the hole pieces of the magnet. (Correct) 


Correct answer: (4) 


Solution: 
Informative 
Unit-13 : Magnetic Effects of Current and Magnetism 
Average Moving Ciol Galvanometer 


54. A moving coil galvanomeer is placed in a radial magnetic field of 0.2 ae . The coil of 


the galvanometer has 200 turns and its area is 1.6x10~“‘m’. The restoring couple constant 
of the suspension fibre is 10“ (N-m)/degree. The maximum current this galvanometer can 
measure if its scale can accomodate only up to 45° deflection, P would be (nearly) 


(1) 7.0mA (Correct) 
(2) 7.0 pA (Incorrect) 
(3) 14.00mA (Incorrect) 
(4) 140 uA (Incorrect) 


Correct answer: (1) 
Solution: 


The maximum current, that the galvanometer can measure is the one which can produce a deflection of 
45°, 


For the galvanometer, we have 
niBA =c0 


i=( c Jo 
nBA 


10° x45 
200x0.2x1.6x™ 
= 7mA 





Thus ia = A=7xl0°A 


Hence option (1) is correct 
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Unit-13 : Magnetic Effects of Current and Magnetism 
Average Voltmeter 


55. Two resistor 400© and 800 are connected in series will a 6V battry. A voltmeter of 


10000 resistance is used to measure the potential difference across 400 Q resistor. The 
reading of the voltmeter would be 


10000 Q 


A 40092 B 8009 





(1) 2.25.V (Incorrect) 
(2) 1.95 V (Correct) 
(3) 175V (Incorrect) 
(4) 155V (Incorrect) 


Correct answer: (2) 
Solution: 
Since 400 Q and 10000 Q resistors are in parallel, there equivalent resistance is 


= 400 x10000 Q- 5000 o 
1 400+10000 13 


Total resistance ofthe circuit 


R= 5000 +800 Q= 15400 0 
13 13 





A 





6 
Current inthe circuit I = ( ) ae A 
(=) 7700 
13 


Potential difference across A and B is given 
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39 „5000 i osy 
7700 13 


Hence option (2) is correct. 


Unit-13 : Magnetic Effects of Current and Magnetism 


Average 


Voltmeter 


56. A voltmeter reads 5 volts at full scale deflection and is graded (according to its resistance 


per volt at full scale deflection) as 5000 2X, . It is desired to convert it into a voltmeter 


that reads 20V at full scale deflection by connecting a appropriate resistance R in seires 


with its coil. Then 


(1) The value of R should be 10°Q and its grading will become 2000 XK, 


(Incorrect) 


(2) We need to have an additional resistance of 75000 © to be connected in series and the 


grading will remain the same 


(Correct) 


(3) We need to have an addtional resistance of 75000 Q to be connected in series and the grading 


: Q 
will become 2000 ve 


(4) We need a resistance of 10° and the grading will be 5000 K, 


Correct answer: (2) 


Solution: 


(Incorrect) 


(Incorrect) 


The grading ofa voltmeter, in terms ofresistance/volt, is done by dividing its resistance by the voltage that 


produces a full scale deflection in it. 


Thus the resistance ofthe given voltmeter is 





R, = 3000 x5volt |= 25000 Q 
1 volt 


<. The current that will produce a full scale deflection is given by 





imax = —>_A=2%107A 
™ 25000 
When the voltmeter has to have a range, of 20v, its resistance should be 
R,= 20 Q= ae Q=10°Q 
i 2x10 


max 
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Hence an additional resistance of (10° - 25000) Q i.e., 75000Q has to be added in series to effect the 


conversion of the voltmeter to have a range of 20v. 


10° 


The grading of the desired converted voltmeter is (219% =5000 D 


Hence the option (2) is correct. 


Unit-13 : Magnetic Effects of Current and Magnetism 


Difficult 


Ammeter 


57. A galvanometer, having a resistance of 100 Q gives a full scale deflection for a current of 
1 mA. The resistance, which can convent this galvanometer into an ammeter, giving full 
scale deflection for a current of 10A, is R. This converted meter, when connected across 
the terminals of a bettery (emf = E) reads 4A. The current drops to 1. 0A when a resistance 
of 1.5 is connected in series with this converted galvanometer. The values of R, E and r 
(= internal resistance of battery) are given by 


(1) 0.01, 2V and 0.98Q 
(2) 0.10, 1Vand0.49Q 
(3) 0.01Q, IV and0.49 Q 
(4) 0.0019, 0.2V and0.49Q 
Correct answer: (3) 
Solution: 


The value ofR is obtained from the relation 


G _ 9.999 


R 0.001 


R= 100x1 
999.9 


From figure shown, we have 


=0.01Q 





__£E 
4+0.01 
Lo=—_E 
0.01+1.5+r 





and 


(Incorrect) 
(Incorrect) 
(Correct) 


(Incorrect) 


R=0.01Q 
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or 151+r=E Er 
Solving above equations we get 

E =2 volt 
and r=0.49Q 


Hence option (3) is correct. R 1.5 Q 


Unit-13 : Magnetic Effects of Current and Magnetism 
Easy Ammeter 


58. An electrical circuit is made as shown. The galvanometer has a resistance G. With the key 
K, open, the current in the circuit is i. The current, in the galvanometer with key K, is 
closed and S = 0, would be 








a) œ (Incorrect) 

(2) zero (Correct) 

(3) 5 (Incorrect) 
E(S+G) 

(4) R (S + G) +SG (Incorrect) 


Correct answer: (2) 
Solution: 
When the key K, open, the resistance of the circuit is (R+G). Hence 


E 


i= 
R+G 





When the key K, is open and S = 0, all the current reaching point a would go via the zero resistance path 
aK, b. Hence the current through the meter would be zero. 


Hence option (2) is correct. 
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Unit-13 : Magnetic Effects of Current and Magnetism 


Average Ammeter 


59. The resistance of a pivoted type galvanometer is 8© and the current for full scale deflection 
on it is 0.01A. This galvanometer is to be converted into an ammeter of 5A range. The only 
shunt available is 0.02 Q. The resistance, that needs to be connected in series with the 
galvanometer coil, is 


(1) 020 (Incorrect) 
2) 1.98Q (Correct) 
B) 2.02 (Incorrect) 
(4) 0.1980 (Incorrect) 


Correct answer: (2) 
Solution: 
We must have 
I,(G+R)=(I-I,)5 
or 0.01 (8 +R)=(5—0.01) (0.02) 


Hence, 





be eect 


8$Q=1.980 
0.01 | } 


Hence option (2) is correct. 


Unit-13 : Magnetic Effects of Current and Magnetism 








Average Meters 
60. An electrical circuit is shown in the figure. The meter s K 
shows a current i when the key K, is open. The resistance 
of the meter is G. Neglecting the internal resistance of a G 
the battery the value of S, to make the current in the AMV- L 
a 
meter Ves is equal to | | ‘i S | 
7 
K, 
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2 

@) (R+G) 
[r+] 

(3) (RG) 

(4) G 


Correct answer: (2) 


Solution: 


Denoting by X, the equivalent resistance of the parallel combination of S and G we have 


x= 5. 
S+G 


(Correct) 


(Incorrect) 


(Incorrect) 


(Incorrect) 


As the total resistance of the circuit is now R + X, hence the current i flowing in the circuit now, is given by 


E ___E(S+G) 
R+X R(S+G)+SG 





This current 1’, divides inself into two paths (a k, b) and aGb (i,). If the currents in these two paths are i, 


and i, we have 


1 =L 


Since the p.d between a and b is one and the same we have 


iS=iG 


S . S 
— “i, = 
G S+G 


=.. 


ea 
1 


y 





As per question we want i, = WA 


So using above derived equations we get 


(Sola ser 
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RG 


PEE 
This gives R4G 


Hence option (1) is correct. 


Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult Voltmeter 


61. A voltmeter is connected across a 400 Q resistance and reads 30 volt. If the same voltmeter 
is connected across the 300 Q resistance, then its reading will be 





(1) 30volt 60V (Incorrect) 
(2) 22.5 volt (Correct) 
(3) 24 volt (Incorrect) 
(4) (994) volt (Incorrect) 


Correct answer: (2) 
Solution: 


Let R, be the resistance of the voltmeter. Then R, and 400 Q resistance, when connected in parallel would 
have an equivalent resistances given by 





_ 400xR, 
' (R, +400) 
and the current in the circuit with correspond to 
60 E 60(R, +400) 
3 
300+ 400R, 00(R, +400)+400R, 
R, +400 


According to question potential drop across AB is 30 volt so 
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60(R, +400) 


60(400R , ) 





~ 300(R, +400)+400R, ` 


Solving we obtain R = 1200 Q 


300(R, +400)+400R, 


Now when the voltmeter is connected across 300 Q the equivalent resistance of their parallel combination, 


S 


1200x300 
1200 +300 


Q = 2400 


Now the total resistance of the circuit would be (240+400) Q = 640 and the corresponding current is 


(hao) 


Hence in this case reading of the voltmeter would be 


60 


— x240 = 22.5 Volt 
640 


Hence option (2) is correct. 


Unit—13 : Magnetic Effects of Current and Magnetism 


Average 


Conversion of Galvanometer into Voltmeter and Ammeter 


62. A given galvanometer can be converted into a (i) a voltmeter of range (0 to V) volt by 
connecting a resistance, R, in series with its coil, (ii) an ammeter of range (0 to I) ampere 
by connecting a shunt resistance, S, across its coil. 

The resistance (G) of the galvanometer, and the current (i,), needed to produce a full scale 
deflection in it, are then given by 


(1) 


(2) 


(3) 


(4) 


























G= RI- V S; i V-SI 
V-SI R-S 
G= V -SI $i V+SI 
RI-V R+S 
G= V+SI Si V-SI 
RI+V R-S 
G= RI+V S: i V+SI 
V+SI R+S 


Correct answer: (1) 


(Correct) 


(Correct) 


(Incorrect) 


(Incorrect) 
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Solution: 





lg 


i 
We know that r-{¥-<] and s-h; s \c 
—1 
8 
Ri,=(V-i,G) or (R+G)i,=V 
and SI=(G+S)i, or (G+S), =SI 


R+G_V 
G+S SI 








This gives o-[S-¥)s 
V-SI 


We then get i, = Adie 
* LR-S 


Hence option (1) is correct. 


Unit-13 : Magnetic Effects of Current and Magnetism 
Easy Magnetic Moment of a Current Loop 


63. A loop of irregular shape, of area 105 m°, carries a current of 8A. The flow of current 
appears to be clockwise to an observer. The magnetic moment of current loop is 


(1) 0.8x10+ Am? and is directed away from the observer (Incorrect) 

(2) 0.8x10* An? and is in the plane of the loop (Incorrect) 
(3) 0.8x10* Am?’ and is directed towards the observer, perpendicular to the palne of the loop 

(Incorrect) 

(4) 0.8x10*Am*’ and is directed away from the observer perpendicular to the plane of the loop 

(Correct) 


Correct answer: (4) 


Solution: 
Magnetic moment ofa current loop is M = (iA) n 
< [M|=8x10°Am? =0.8x10* Am? 


Fromright hand rule, the direction, of M, is away from the observer and perpendicular to the plane of the 
loop. 


Hence option (4) is correct. 
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Unit—13 : Magnetic Effects of Current and Magnetism 
Average Potential Energy of a Bar Magnet in a Magnetic Field 


64. A short bar magnet, placed with its axis at 30° to a uniform external magnetic field of 0.16T, 
experience a torque of magnitude 0.032 N—m. Its potential energy, in the field, for its two 
positions of equilibriums, is 


(1) 0.064 J for both stable and unstable equilibrium. (Incorrect) 
(2) 0.064 J for stable equilibrium and zero for unstable equilibruim (Incorrect) 
(3) 0.064 J for stable equilibrium and —0.064 J for unstable equilibrium (Incorrect) 
(4) -0.064 for stable equilibrium and +0.064 for unstable equilibrium (Correct) 


Correct answer: (4) 
Solution: 


Potential energy ofa bar magnet is given by, V = -mB cos 0 
We are given that 


lcl = mBsin30° =0.032 N-m 
mB =0.064N -m = 0.064 J 


For stable equilibrium § = 0 and for unstable equilibrium 9 = x 
Subsituting the values, the P.E. V — 0.064 J for stable equilibrium and + 0.064 J for unstable equilibrium 


Hence option (4) is correct. 


Unit—13 : Magnetic Effects of Current and Magnetism 
Average Magnetic Moment 


65. A current carrying loop OABCO, carrying current 4.0 A, dimensions OA = 20 cm and 
AB =10 cm, is placed as shown in figure. The magnetic moment of the loop is 
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(1) (0.07 i+ 0.04K) Am? (incorrect 
@) (0.04j+0.07k)Am? (Tncorrecð 
G) (0.07j-0.04k) Am? Gonen 
a) (0.04j-0.07k) Am? (Correct) 


Correct answer: (4) 
Solution: 
Magnetic moment M = I(OA x AB) 


where OA = OA cos0j+OAsin 0k 
AB=ABi 
M= L(OA.cos0}+OA sin 0k) x ABi 


2 L[OAxAB cos 0(-K)+OAx ABsin 65] 

Z 4.0| 200x 10“ cos30° (-K)+200%10~ sin 305] 
=4.0| V3 x10°k +1075] 

=107 | -6.928 +4) | = (-0.07k +0.04) Am? 


Hence option (4) is the correct answer. 


Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult Magnetic Moment 


66. A charge ‘q’ is uniformly distributed on a non-conducting disc, of radius R, itis rotated with 
angular speed 'œ' about an axis passing through the centre of mass of the disc and 
perpendicular to its plane. The magnetic moment of the disc will be 


(I) 7eR (Correct) 


(2) 524R (Incorrect) 
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(3)  @qR? (Incorrect) 
(4) —@qR* (Incorrect) 
Correct answer: (1) 


Solution: 


Consider the disc to be made up of large number of elementary concentric rings, consider one such ring of 
radius ‘x’ and thickness ‘dx’. 








2 q q 2qx 
dq = dA = 2nxdx) = 
Charge on this ring 4q TR? mR? ( ) R? 
dq _ dq _ wqxdx dx 





t on this ring di = 5 
Current on this ring Ton TR? 


wgxdx , _ wqx'dy 


Magneti t of this ring (dM) = Bers 
agnetic moment of this ring (1M) = ~p? R? 








R 
fea 


0 


oq 
Hence magnetic moment of the entire disc (M) = fam = R? 





1 2 
=—a@qR° 
7 q 


Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult Magnetic Moment 


67. A solid conducting sphere, of radius R and total charge q, rotates about its diametric axis 
with a constant angular speed 'œ'. The equivalent magnetic moment of the sphere is 


D 3 gR°o (Incorrect) 
2 p2 

(2) 3 gR°o (Incorrect) 
1 

(3) zRo (Correct) 
2 

(4) zRo (Incorrect) 
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Correct answer: (3) 


Solution: 


Consider the sphere to be made up of large number of hollow, coaxial cylinder 


of different height and radii consider one such cylinder of radius ‘x’ height ‘y’ and 1s 


thickness dx. t WA 





Y 
y 
y=2Rcosð, x=Rsin0, dx=Rcos0d0 4 
Charge on this cylinder is dq = 7 q 2nyxdx lex 


= 3q cos’ Osin 0d 3 


Current, associated with this cylinder, is 


gee 2da 304 Paice 
T 27 2m 


Hence magnetic moment associated with this cylinder 


(dM)= di A = [teos Osin oao | mx? 
T 
=ŽRoqA cos’ Osin? 0d0 


3 f l 
Total magnetic moment (M) M = fam = R’qof cos’ Osin? 6d0 
% 


1 
This gives |M| = zRoq 


Unit-13 : Magnetic Effects of Current and Magnetism 
Average Magnetic Moment 


68. A uniformly charged disc, whose total charge has a magnitude ‘q’, and whose radius is ‘r’, 
rotates with a constant angular velocity of magnitude 'œ'. The magnetic dipole moment of 
the ring is 
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qor? 


iy = 


(Correct) 
qor? 


Os 


(Incorrect) 


m 


qor 
8 


4) qor (Incorrect) 





(3) 


(Incorrect) 


Correct answer: (1) 


Solution: 


Surface charge density = = 


z. Charge within the ring ofradius R and width dR 
dq =—4,(2nRdR) = “4 RaR 
nr” r 
Current carried by this ring 
di = 24 = O44 _ 4° RAR 
T 2m om 


Hence magnetic moment contributed by this ring (dM) dix Area = 2 RdR x nR’ 
mr 





= IC RAR 


F] 


Total magnetic moment ofthe ring 


È AN 2 
M = dM = | FP RaR =" R | _qor 
A 2g 








r 4 
Hence option (1) is correct 
Unit-13 : Magnetic Effects of Current and Magnetism 
Average Cyclotron 


69. The (angular) frequency, œ, ofthe alternating p.d applied across the dees, and the strength, 
B, of the (normal) magnetic field, used, in a given cyclotron, have been adjusted to values 


(say œ, and B,), that would enable this cyclotron to accelerate protons. 


If the same cyclotron were to be used for accelerating alpha particles, say, the new value of 
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(i) œ, when B is left unchanged at its earlier value (B,) and (ii) B, when œ is left unchanged 


at its earlier value (@, ), would equal, respectively 


B 
(1) 2 and Z (Incorrect) 
2 2 
(2) = and 2B, (Correct) 
(3) 2B, and > (Incorrect) 
(4) 2, and 2B, (Incorrect) 


Correct answer: (2) 


Solution: 
2 


M =qvB 
r 





The radius ofthe circular path, of the charged particle, in a magnetic field, is given by 


Hence r= a 
qB 


The time period, for one cycle of the motion ofthe charged particle, in this circular path, is given by 
2m 2nmmv 2mm 


T= = = 
v v.qB qB 





2n qB 
The corresponding angular frequency, œ, equals T = = 


In the adjusted cyclotron, the (angular) frequency of the applied alternating potential equals this (cyclotron) 
frequency. 


eB 
Hence for the protons, we have ®) = — 
m 


For the «—particle, the required (angular) frequency, say, @, , is given by 


_(2e)B, _ eB, 
r (4m) ~ 2m 





eB 1 œ 
(i) | When there is no change in the value of B, we would have ®, = m x p = D 


a 


e 
(i) When there is no change in the value of œ, , we would have œ% = Smi 
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eB, _ eB 
a _ Sa <. B, =2B 
oa m 2m co o) 


Hence option (2) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult Cyclotron 


70. A cyclotron’s oscillation frequency is 10 MHz. If the radius of its dee is 60 cm than the 
kinetic energy of the proton beam, accelerated by the cyclotron is 


(e = 1.6x10-Ve, m, = 1.67x~’). 


(1) 7.5x10? MeV (Incorrect) 
(2) 7.5 MeV (Correct) 
(3) 3.75 MeV (Incorrect) 
(4) 7.5keV (Incorrect) 


Correct answer: (2) 
Solution: 


Be 


2mm 





The charged particles orbit round the circular path, with a frequency, f, given by f = 


2nmf 





Hence B = 
Substituting the given values, we get, B= 0.66 T 


. a 2mm 
The period of revolution of the particles, is T = Be 


IfR is the radius ofthe dee’s ofthe cyclotron, than the velocity v of the protons, at the point of exit, is 





ee 2mR 2nRxBe BeR 
T 2mm m 


B’e’?R? 





1 
Kinetic energy ofthe protons produced is p mv’ = =7.5 MeV 


Hence option (2) is correct 
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Unit-13 : Magnetic Effects of Current and Magnetism 
Easy Tessestral Magnetism 
71. Angle of dip at a place is 30°. If the verticle component of earth’s magnetic field at that 
place is (0. 164/3 ) x10*T, the value of the horizontal component would be 


(1)  48x10“T (Incorrect) 
(2) 0.048x10“T (Incorrect) 
(3) 144x10“°T (Incorrect) 
(4) 0.48x10“°T (Correct) 


Correct answer: (4) 
Solution: 

By 

We know than 6 = — 

By 

B 

B, =| — 

Hence Pu (2) 


(0.16x 43 )x107 (0.16x 43 )x107 


B4 = = T= -4 
H tan 30° 0.48 x 10*T 
3 








Hence option (4) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Easy Terrestrial Magnetism 


72. Atthe magnetic poles, earth’s total magnetic field is 


(1) Perpendicular to surface of the earth (Correct) 
(2) Parallel to the surface of the earth (Incorrect) 
(3) zero (Incorrect) 
(4) willbe at a dip of 60° (Incorrect) 


Correct answer: (1) 
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Solution: 


Denoting by B, B, and B,, the total feild of earth, horizontal component of earth’s field and vertical 
component of earth’s field, we have 


By = Bsin ô 
where § is the angle of dip. 
At magnetic poles § = 90° and hence B,, =0 


At the poles, the earth’s totoal field is, therefore, the same as its vertical component. It is, therefore, 
perpendicular to the surface of earth at the poles. 


Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Easy Terrestrial Magnetism 


73. If we represent earth’s magnetic field at the equator, by B, the dipole moment of earth 
(radius = R)’s equivalent magnet is given by 














4nR°B 
() (Correct) 
Ho 
4nR°B 
(2) (Incorrect) 
Ho 
2nRB? 
(3) (Incorrect) 
Ho 
2mRB 
(4) (Incorrect) 
Ho 
Correct answer: (1) 
Polar Axis 


Solution: 





We can assume earths magnetic field as due to a (short) bar magnet, centered 
at the centre of earth and held along its polar axis. We can then write: 





— Ho M Equator 
equator 4nR? 


where M is the dipole moment of earth’s equivalent magnet. 





ANNNANNANANAAATAANAAAAAANN 
AQAA 
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4nR*B 
Ho 





Hence option (1) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 


Average Terrestrial Magnetism 


74. 


For a partical plane, other than the magnetic meridian, i.e., a vertical plane at some angle, 
with the magnetic meridian, 


(1) angle ofdip decreases (Incorrect) 
(2) angle ofdip increases (Correct) 
(3) angle ofdip remain uneffected (Incorrect) 
(4) the apparent value of the angle of dip becomes zero (Incorrect) 


Correct answer: (2) 


Solution: 


For a vertical plane at an angle § with the magnetic meridian. 


B, =B,,cos@ and B,=B, 


Therefore, observed angle of dip 6, ina vertical plane, making an angle 0 , with the magnetic meridian, 








would be 
a ae By -s tano s By tans 
B, Bącos® cos@ B, 
aoe tan ô 
cos8 


Here § represents the true value of dip and §' is the apparent value of dip. 


For a vertical plane other than magnetic meridian, 


0>0° and cos0<1 


6'>56 


Hence the angle of dip : increases 


Hence option (2) is correct 
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Average 


Unit-13 : Magnetic Effects of Current and Magnetism 


Terrestrial Magnetism 


75. Atacertain location a compass points 15° west of geographic north. The north tip of the 


magnetic needle, of a dip circle placed in the plane of the magnetic meridian, points 60° 


above the horizontal. If the horizontal component of earth’s magnetic field is measured to 
be 0.2G the magnitude and direction of the earth’s field at that location, are 


(1) 


(2) 


(3) 


(4) 





0.4G directed upward of the horizontal line, in the vertical plane, 15° west of geographic north 
plane (Correct) 


0.4G, directed downward of the horizontal line, in the vertical plane, 15° west of geographic 
north plane (Incorrect) 


0.4G directed upward of the horizontal line, in the vertical plane, 15° east of geographic north 
plane (Incorrect) 


0.4G, directed downward of the horizontal line, in the vertical plane, 15° east of geographic 
north plane (Incorrect) 


Correct answer: (1) 


Solution: 


We have B,, =Bcosd 


B= 


B 


Bi gga 





cos cos60 0.5 


As shown by the compass needle, B points upward of the horizontal line, 15° west of geographic north 


plane. 


Hence option (1) is correct 
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Unit-13 : Magnetic Effects of Current and Magnetism 


Terrestrial Magnetism 


76. A ship is to reach a place 7 south of west. If the declination of the plane at the place is 15° 
of north west the ship should be steered along 


(1) 
(2) 
G) 
(4) 


east of magnetic north at an angle of 82° (Incorrect) 
west ofmagnetic south at an angle of 82° (Incorrect) 
west of magnetic north at an angle of 82° (Correct) 
west of magnetic north at an angle of 115° (Incorrect) 


Correct answer: (3) 


Solution: 


As the ship is to read 7° at a place south of west along 0A), it should 
be steered west of magnetic north at an angle of 


(z-i 47" =a 
2 


Hence option (3) is correct 


Average 


w 





Unit-13 : Magnetic Effects of Current and Magnetism 


Elements of Earth 5 Magnetic Field 


77. The angle of dip, and the horizontal component of earth’s magnetic field, at a given place, 
equal a and B, respectiely. Ifa charged particle, of charge q and mass m, were to move 
with a speed v, horizontally northwards at that place, the magnitude of the acceleration, 
caused on this charged particle, would equal 


(1) 


(2) 


(3) 


(4) 


qvB,, cot a 
m 


qvB,, cos a 


m 
qvB,, tana 
m 
qvB,, sina 
m 


Correct answer: (3) 


(Incorrect) 


(Incorrect) 


(Correct) 


(Incorrect) 
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Solution: 


Since the charged particle is moving horizontally north wards, it would experience a force, only due to the 
vertical component (say B,) ofthe earth’s (total) magnetic field (= B say). The angle of dip being a, we 
can write 


B„=Bcosa and B,=Bsina 


B 
—Y=tana or B,=B, tana 
H 


The force, due to the earth’s magnetic field, on the charged particle, has a magnitude F, where 
F= la(v xB) =qvB, 
. The acceleration caused, has a magnitude 


y= F _qvBy _ qvB, tana 





m m m 


Hence option (4) is correct 


Unit—13 : Magnetic Effects of Current and Magnetism 
Difficult Classification of Magnetic Materials 


78. An iron rod (of density 8x10° kg/m’ and specific heat capacity 0.462107 J/kg°C) is subjected 
to cycles of magnetissation at the rate of 50 cycles/s. If the area enclosed by B.H curve 
corresponds to an energy of 107 joule, the rise of temperature per minute (assuming there 
are no radiation losses) would be 


(1) 81°C (Incorrect) 
(2) 8.1°C (Correct) 
(3) 0.81°C (Incorrect) 
(4) 16.2°C (Incorrect) 


Correct answer: (2) 

Solution: 

The area enclosed by the B—H curve, equals the energy loss per unit volume per cycle. 
~. The energy loss per unit volume in one second = 10°°x50 J 


Hence Q, the heat produced per unit volume in one minute, equals 


Q= (107 x50x60)J =30J 
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Let 9 be the rise in temperature per unit volume. The mass per unit volume equals p , the density. Hence 


Q=ps0 
Hence 8x10° x 0.462x107 x @ = 30 
30 
ee ee Lo 
or 0.462x8 


Hence option (2) is correct 


Unit-13 : Magnetic Effects of Current and Magnetism 
Difficult Classification of Magnetic Materials 


79. An iron rod 0.2m long, 10 mm in diameter and of permeability 10°, is placed inside a long 
solenoid wound with 300 turns/meter. If a current of 0.5A is passed through the rod, total 
magnetic moment of the rod would be (nearly) 


(1) 2335 SI Unit (Incorrect) 
(2) 233.5 SI Unit (Incorrect) 
(3) 23.35 SI Unit (Incorrect) 
(4) 2.335 SI Unit (Correct) 


Correct answer: (4) 


Solution: 


M, the magnetisation vector (magnetic moment per unit volume is given by) 
M B ) n-p- (u 
Ho Ho 
M= (u, — 1) H 











,—1)H 

For a long soleniod |H| is given by 
|H] = ni = 300 x0.5 SI Units =150 SI Units 

< [M|=(1000 -1)x150=0.15x10° SI Unit 

Total magnetic moment ofrod = |M| x V =M x nr’L 
= 0.15 10%«3.142x(5x10°)?x0.2 
= 2.335 SIunits 


Hence option (4) is correct 
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Unit—13 : Magnetic Effects of Current and Magnetism 
Difficult Terrestrial Magnetism 


80. Let 5, and 5, be the angle fo dip in any two vertical planes (other than the magnetic 


meridian) that are at right angles to each other. If, § is the true value of the angle of dip, we 





would have 

(1) tan? 8, + tan? ô, = tan? (Incorrect) 
tan’ 5, 2 

(2) tan®6, =cot ð (Incorrect) 

(3) cot? §, + cot? 8, =1 (Incorrect) 

(4) cot?’ = cot? Ô + cot? ô, (Correct) 


Correct answer: (4) 
Solution: 
Let the vertical plane, in which angle of dip is 5, subtends an angle Q with the magnetic meridian. Their 


other plane then subteneds an angle z — 0) with the magnetic meridian. 





B B 
We have, tan ô = — =——Y — 
m By cos 

B 
acl cos 8 
By 
T 
cos[ = -0 B,, sin 
Similarly cot 5, = B, =| = 
By By 


2 
Hence cot” 5, +cot” 8, = (| (cos? 6+sin’ 0) 


V 


-(2+) xl = cot? |- mi = tnd) 
By By 


Hence, cos’ & = cot? ô| + cot” ô, 


Hence option (4) is correct 
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UNIT-14 : ELECTROMAGNETIC INDUCTION 
AND ALTERNATING CURRENTS 


Learning Objectives 

After going through this, unit you will be able to understand, appreciate and apply the following concept: 
° Understand the methods, or ways, to induce emfin a coil. 

° Understand the Faraday’s law ofinduction and Lenz’s Law. 

° Calculate emf, current and magnetic flux using Faradays’ Law. 

° Explain the physical meaning of Lenz’s Law. 


° Derive the formula for motional emf and power spent by external agency in moving a coil with 
constant velocity. 


° Explain the magnitude and direction of an induced eddy current, and the effect this willhave on the 
object it is induced in. 


° Describe the several applications of eddy currents. 

e Explain the selfinduction and back emf. 

° Calculate the inductance, energy stored and emf generated in a coil / inductor. 
e Explain the mutual induction between the neighbouring coils. 

° Calculate the mutual inductance ofcoaxial solenoids. 


° Sketch (draw phasor diagrams) voltage and current versus time in simple inductive, capacitive and 
resistive circuits. 


° Calculate the reactance, impedance, current and voltage in simple series a.c. circuits having L, C and 
R. 


° Derive the phase angle, resonant frequency, power, power factors in series LCR circuit. 


e Explain the significance of series resonant circuit, resonant freqeuncy and quality factor. 
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Concept Map of EMI 


EMI 


Change in magnetic Change in current/ Change in 


field magnitude of 
orientation ‘0’ magnetic field 


Is produced due to 


Change in magnetic flux 


b, = NBA Cos 0 


area 
of the coil 





Causes 


Induced Emf 


leads to 


Farday’s Law Lenz’s Law 


dh, 


ei 


B 7 
ES “dt »-ve sign 


indicating that it opposes 
its own cause 





Induced Current 


| do, Explains 


t= 7) VW 


R dt - a 
Electromagnetic Induction 


Generation in 
metallic body 








leads to Self induction Mutual Induction 


Eddy Currents For Solenoid 


For Coaxial 
Solenoids 


Induction Principle of 


furmanace 





Principle of 


electro magnetic Choke coil 
brakes 
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Concept Map of Alternating Current 


Use an 
application 
of 


Ohm’s Law V=IR 
Farday’s Eq V = L di 


dt 
Capacitor principle q = CV 





to define 


Impedance ‘Z’ 
of a.c circuits 


Which is 
combination of 





oe Inductive 
R reactance 
reactance 
X, =oL 
Fine 
ne Resonance 
Usedin | LCR circuit 
Metal 
detector Defines 
sharpness 
of curve at 
reasonance 


Quality factors 





9-24 


Measured by 


rms values 


Results in 


Phase relation 
between voltage 


and current 
V= V, Sin wt 
i=i, Sin (wt Tọ) 









Can be 
represented 
with 


Phasor diagrams 





Applications 
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Electromagnetic Induction 
Magnetic Flux 


The number ofmagnetic field lines, or magnetic flux ', ', which pass through a given cross-sectional area 
‘A’, placed in a uniform magnetic field ‘B’, can be written as 


s = B.A =BAcos0 
where @ is the agnle between the direction the magnetic field and the (outward) unit vector normal aera 


(A = An) . The SI unit of magnetic flux is weber (Wb). It also equals tesla metere squared (Tn). It is a 


scalar quantity. 


B> 


Area 
R ae 
h= BA y= O 
(maximum value) (minimum value) 


The figures, given above, show the positions (of the area A, with respect to the direction ofa uniform 
magnetic field) for which the magnetic flux, linked with the area, has its 


(i) maximum value (= BA) 


(ii) minimum value (= 0) 


Electromagnetic Induction 


We knwo that moving electric charges, or currents, can produce magnetic fields. Is the conserve effect 
possible? Can moving magnets produce electric currents? In the year 1830, Faraday conducted many 
experiments to demonstrade that electric currents can be induced in closed coils when they are present in 
a changing magnetic field or when changing the magnetic flux, linked with them, is made to change. 


From the experiemental observations of Faraday, it was concluded that whenever the number of magnetic 
field lines or magnetic flux, passing through a coil changes, an emfis induced in that coil. Ifthe circuit is 
closed, a current flows through it. The emf, and the current so produced, are called. ‘induced emf? and 
‘induced current’ respectivley. They last only as long as the (linked) magnetic flux is changing. This 
phenomenon is now known as ‘electromagnetic induction’. 
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Ways of Changing the (Linked) Magnetic Flux 


The magnetic flux, through a circuit, may be changed in a number of ways. This can be done (i) by moving 
a magnet relative to the circuit (ii) by changing the current in a neighbouring circuit (iii) by changing the 
current in the same circuit and (iv) by rotating a coil in a uniform magnetic field. 


Let us no consider two experiments demonstrating the phenomenon of electromagnetic. 


Experiment-1 : 


PME 6606 


When a bar magnet is pushed towards or pulled away, from the coil, the 
pointer in the galvanometer deflects. This indicates the presence of electric 
current in the coil. G 


; A A A G 
The deflection, in the two cases are, however, in opposite senses. 


ESAE OY 


° It is also observed that faster the motion of the magnet, larger the 
deflection. 


e When the bar magnet is held fixed and the coil is moved towards or 6) 


ne G 
away from the magnet, similar effects are observed. 


° This shows that it is the existence ofa relative motion, between the magnet and the coil, that is 
responsible for inducing electric current in the coil. 


Experiment-—2 : 





H = 

° It is observed that the galvanometer shows a deflection (momentary) when the current in C, is 
started by closing key ‘K’. The pointer in the galvnometer in (C,) returns to zero immediately. 

° When the key ‘K’is released, there is again a momentary curent in C, but in opposite direction. 

° Similar effects are observed by increasing or decreasing the current in the coil C,. 


° It is also observed that the deflection increases, quite significantly, when an iron rod is inserted into 
the coils along their axis. 


° Hence a changing current in one coil, is a source of induced current in another coil (neighbouring). 


Faraday’s Law of Induction 


Faraday stated these experimental observations in the form of a Law, called ‘Faraday’s Law of 
Electricmagnetic Induction’. The law is stated as follows: 
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“The magnitude ofthe induced emf, ina circuit, is equal to the time rate of change of the magnetic flx linked 
with the circuit.” Mathematically, the magnitude of induced emf is given by 


l= Ge 
dt 


For a closely wound coil of N turns, the total induced emfis given by 
eane 
dt 
where ®, = (Average) magnetic flux lined with ‘one turn’. 


The product (No, ) is called the ‘number of magnetic flux linages’ in the coil. Its unit is ‘weber-turns’. 


Lenz’s Law 


The polarity, of the induced emf, is given by a rule, known as lenz’s law. The statement of the law is as 
follows: 


“The polarity of induced emfis always such that it tends to produce a curernt, which opposes the change 
in the magnetic flux that induced it. 


We can, therefore, combine Faraday’s Law and Lenz’s Law to write 


I% 
dt 


£= 


The negative sign indicates the direction of the induced emf 'g'. 


f e 
It the circuit is closed, a current ! (- =) is set up init. Here R is the resistance of the circuit. 


__ 1 do, 
R dt 
Lenz’s law is in accordance with the principle of conservation of energy. It enables us to realize that it is the 


mechanical work, needed to be done to ‘move the magnet (towards the coil)’, that gets converted into the 
induced) eletrical energy. 


Induced Current and Induced Charge 


d 
If, in a coil ofN turns, the rate of change of magnetic flux (linked with each turn) be Wa , then 
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___ 1 (Nady 
R dt 
Here R is the total resistance of the circuit. The charge, flowing through the circuit, in a time-interval, will be 
given by Aq =idt 


me [ite cat 





R\ dt 


=> Aq == (dh, ) 


The above equation shows that the total induced charge (that flows) does not depend upon the time 
interval ‘dt’. Whether the change in magnetic flux, is rapid or slow, the total charge that flows inthe circuit, 
remains the same. 


Example-1 : 


The magnetic flux, through a coil, present in a magnetic field, directed perpendicular to its plane, varies with 
time (in second) according to the relation. 


6, =6t°+7t+1 (, in miliweber) 


Find the magnitude of the induced emf in the coil at t = 2s. Also find the current, and its direction, in the 
resistance R, ifR=10 Q 


Solution : 

x X x 

dbs dee a 
We have Heas +7t 1) : p 
=(12t+7)mV 

x X x 
<. Att=2s, we have 

x x 
|e|=(12x2+7)mV =31mV $O XR æ X 


Also po ata 
R 10 


The direction of current, in the resistance R, will be as shown, according to lenz’s rule, i.e., from left to 
right. (As the magnetic flux is increasing with time, induced current has to oppose its cause. For this, it has 
to set up its own magnetic field, in a direction opposite to the applied field. This would require the induced 
current to flow in an anticlockwise sense in the coil). 
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Example—2 : 


A rectangular loop, and a circular loop, are moving out ofa uniform magnetic field region, to a field free 
region, with a constant velocity ‘V’. In which loop would the induced emfbe constant during its pass age 
out of field region. (The magnetic field is directed normal to the plane of both the loops). 


X X X X X X X X 
A A A R Xx X X X 


Solution : 


Incase of circular loop, the rate of change of area ofthe loop, during its passage out of field region, is not 
dA 
constant. Hence induced emf will varry accordingly. In the case ofthe rectangular loop Cae and, therefore) 


d 
W is constant. Hence induced emfcan be expected to be constant for the rectangular loop. 


Motion of a Conductor in a Uniform Magnetic Field 


Let us consider a straight conductor, PQ, present in a, uniform and time independent magnetic field. As 
shown in the figure conductor ‘PQ’ is free to move on a rectangular conductor frame work, PQRS. Let the 
rod, PQ, moved towards right with a constant velocity V. As PQRS forms a closed circuit, there ina 
change in area as the rod PQ moves. 








I 

x x x x P xp x 
S I 

< 
X { x x x| x 
> 

x xR x Xx ag x 
1 e 
dx 


Ifthe length RQ = xand RS = v , then the instantaneous magnetic flux, linked with PQRS, is 
Ds = BA = B4x 
Since x is changing with time, the change of flux, will induce an emf, s , given by 


bg gt 


dt dt 


dx 
But (2) = V the velocity ofthe conductor PQ, towards right. 
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Hence ¢=Bfy 


The induced emf, BV/, is called motional emf. Thus we can also produce an induced emfby moving a 
conductor (instead of varying the magnetic field) in a uniform magnetic field. 


We can consider the above rod ‘PQ’ as a battery of emf, ¢ , having some internal resistance ‘r’. ‘R? be the 
total resistance ofthe (other) three arms (RS, RQ, PS). 


Then, the induced current in the circuit will then be 


€ _ BV 


i= = 
R+r R+r 








From the above, we conclude that when a straight conductor, of length '¢', moves with a velocity ‘V’, 
perpendicular to a uniform magnetic field B, (this ‘cutting’ its magnetic flux lines) an induced emf, of 
magnitude BV/ , is induced between the ends of that conductor. 


Special Case : 


Ifthe direction of the velocity v, ofthe conductor, makes an angle @ with the direction of the magnetic field 
B, the component of V, perpendicular to B, will be V sin 0. Therefore in this case the emf induced 
between the ends ofthe conductor, willbe BV/sin 0. It follows that ifa conductor moves parallel to the 
field, (6 = 0) no emf will be induced between its ends. It can be shown that: in general, motional (induced) 


emf, can be written as £ =(VxB).£. 
Situation-1 : 


Consider a conducting rod PQ, oflength  , being rotated about 
its one end (in the plane of the page) in a uniform magnetic field 


: i £ B 
B (directed normal to the plane ofthe page), with an angular AE Q 
x x x 
E 
Xx 


X X X x X 


speed 'œ' as shown. x 


Consider a small element, of length dx, at a distance x from the 
confined end, i.e. the end P (about which the rod is rotating). 


The induced emf 'd g' , across this elemental length, will be = B (dx) V 


where V = wx 


Thus, €= j de = Bof xdx 
x=0 x=0 


= Bre 
2 
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Ifthe rod moves about its centre, we would have 


+0/2 





=£/2 


e= Í d= > Bos" 


Energy Considerations : Let ‘r’ be the resistance of the moveable arm PQ, (the moving rectangular 
condutor) in the above figure. We assume that the remaining arms, QR, RS and SP, have negligible resistance. 
In that case 


On account of the presence of the magnetic field, there will be a lorentz force, on the arm ‘PQ’, given by 
F = Bi? . This force would be directed inwards in a direction opposite to the velocity of the rod. 


The magnitude of this force is 


r=]. 
T 





This force acts like a retarding force. Hence power is spend by an external agency to move the rod with a 
constant velocity ‘V’. 


The power required to do this is given by 
P=F.V 





_ Bev? 
7 r 


(This is in the form of mechanical work) 


This power, spent by an external agent, is dissipated as Joule heat. The Joule heat produced is given by 





2 292472 
eats BV? ied 
r r 


Example-3 : 


A 10 meter long wire is kept in east west direction. It is falling down with a speed of5 m/s, perpendicular 
to the horizontal component of earth’s magnetic field of 0.30104 Whb/m”. (i) what is the momentary p.d 
induced between the ends of the wire? (ii) which end of the wire will be at a higher potential? 
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Solution : 

(i) Ifa wire, oflength ¢ , move perpendicular to a magnetic field B, with a velocity v, the emf induced 
will be given by 

e=BV0 
€=0.30x107x5x10V =1.5mV 

(ii) | According to fleming left hand rule, the magnetic force on the electrons, in the wire, in the magnetic 
field will act towards west. Hence electrons will more to the western end of the wire, therefore the 
eastern end of the wire will be a higher (positive) potential. 

Example—4 : 


Ahorizontal metal frame, ABCD, moves with a uniform (horizontal) velocity of 0.2 m/s, into a uniform field 
of 10°T, acting vertically downwards. AB = 0.1m and AD = 0.2m and the resistance R of the frame is 
5Q. As shown, the sides AB and CD enter the field in a 
direction normal to the field boundary. Find the magnitude of X X X X 
current induced in the metal frame when (i) CD just enters the 


field (ii) the whole frame is moving through the field (ii) CD X x 
just moves out of the field on the other side? Draw a sketch V 


graph showing the variation ofthe induced current, the force 


required to move the frame with a constant velocity, and the 
power spend by the external agency. 


Solution : 


© 


(ii) 


(iti) 


The sides AD and BC are parallel to V. Hence no emf in induced in them. For the side CD, moving 
in the field, 


|e|= BV? 


= 10°x0.1x0.2 V 


2x104 V 
4 
ifl- 20t =4x10°A 


As the whole frame in moving through the field from time t, to t, say the flux through the frame is 
constant. Hence there is no induced current during this interval. [Alternatively the induced emfin the 
arms AB and CD are in opposite directions, the resultant emf in the frame is zero.] 


When CD just moves out of the field region, on the other side, the magnitude of the induced emf, in 
AB, moving through the field, is again equal to 2x 10+ V. Hence magnitude of induced current, in the 
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frame, is same, but its direction is now opposite to that in the first case (The flux is now decreasing 
with time). The required sketches, therefore, have the forms shown. 





Example-5 : 


An air plane, with 20 m total wing span is flying with a speed of 250 m/s, straight south, parallel to the 
earth’s surface. The earth’s magnetic field has a horizontal component of 2x 10° Wb m” and the dip angle 
is 60°. Calculate the emf induced between the plane tips. 


Solution : 


Here e =B,4V where B, is vertical component of earth’s magnetic field. 


B 
We have B =tand 
H 


By =B,, tan ô 
e =(B,, tan) lV 
= 210° (tan 60°)x20x250 V 


=10 "x43 V =0.173V 


Example-6 : H 
o V 
A copper rod, of length 0.19m, kept parallel to a long straight wire carrying a : ~*~; 
current of5A is with a uniform velocity of 10 m/s. The rod is perpendicular to 
the wire. The two ends ofrod are at distance of 0.01m and 0.2m, from the Soe <dx> 
wire, (as shown in the figure). Calculate the emfinduced in the rod. ib aa 
„Lm 
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Solution : 
The magnetic field due to the long straight wire, at a distance ‘x’, from it is 
B, = Hoi 
~ 27x 


This field is directed into the page (downwards). If 'dg' is the emf induced, over the element ‘dx’ of the 
rod, we have 


de = BV (dx) 


-Bi vay 
27x 


0.02m 
0.01m 





iV 
<. Totalemf, €= [de = og, x 


47x107 
-FPI EN, (230108, 20) 
T 


=3x10°V 


Flemings’s Right Hand Rule 


The direction of the induced current, when a conductor moves in a poner 


uniform magnetic field, is given by Fleming’s right hand rule. This 
tule states that if we stretch the right hand thumb and the first two 
fingers, perpendicular to one another, and if the forefinger points in 
the direction of magnetic field, and the thumb in the direction of 
motion of conductor, the middle finger will point in the direction of Currant 
the induced current. 


Magnetic Field 





Eddy Currents 


Facoult, in 1895, discoverd that when a solid mass of metal is placed in a changing magnetic field, (or 
moved ina magnetic field), causing a change in the magnetic flux linked with it, induced currents are set up 
throughout the volume of the metal. These currents are known as ‘eddy currents’ or ‘facault currents’. The 
direction of circulation of these currents is such as to oppose the motion of the metal or change in magnetic 
flux (in accordance with Lenz’s law). 


The resistance of thick metal being very low, the eddy currents are generally quite large in magnitude and 
produce considerable heating effect in accordance with ‘Joule’s heating’ law. This heating effect of eddy 
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currents in undesirable in the interior of iron cores ofrotating armatures of motors, dynamos and transformers 
etc. To minimize these currents, the cores are not taken as a single piece of soft iron but are made of many 
thin (insultated from each other) laminas of soft iron. This type of core is called a ‘laminated core’. 


Eddy currents are, however, also used to advantage in certain applications. These include: 


(i) Electromagnetic Damping : Certain galvanometers have a fixed core made of a non magnetic 
metallic material. When the coil oscillates, the eddy currents, generated in the core opposes the 
motion and bring the coil to rest quickly. 


(ii) Induction Furance : The metal to be heated, or melted, is placed in a high frequency changing 
magnetic field. Strong eddy currents, induced init, cause heating. 


(iii) Magnetic Brakes in Trains : Strong electromagnets are kept above the rails in some electrically 
powered trains. When the electromagnets are activated the eddy currents, induced in the rails, 
opposes the motion of the train. 


Self Induction 


We know that, when a current flows through a coil, it produces a magnetic field and hence a magnetic flux, 
which can be linked with the coil itself. It is possible that emfis induced in a single isolated coil due to 
change of flux through the coil itselfby means of varying the current through the same coil. This phenomenon 
is called self-induction. The induced emf is called ‘back emf”. 


Thus, when the current in a coil is switched on, the (induced) back emf opposes the growth of current. 
Similarly, when the current is switched off, the back emf opposes the decay ofthe current. 


Let us consider a coil of N turns carrying a current i. Let o, the magnetic flux linked with each turn of the 


coil. The total flux, linked with the coil, is proportional to the current ithrough the coil, and can be expressed 
as 


No, œi 
No, = Li 


Here Lisa constant called the coefficient of self induction, or ‘selfinductance’, of the coil. Physically, the 
self inductance plays the role of ‘inertia’ in electrical circuits. It is defined as the magnetic flux, linked with 
the coil, when a unit current is flowing through the coil itself. 


When the current in the coil is varied, the flux linked with the coil also changes and an emf is induced in the 
coil. This is given by 


e=-(Né,) 
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oe 
dt 
The negative sign indicates that the selfinduced emf (or back emf) always opposes any change (increase or 
decrease) ofcurrent in the coil. From the above formula, we have 


E€ 


~ (di 
dt 
Hence the coefficient of self induction or self inductance of a coil is numerically also equal to the emf 
induced in coil when the rate of change of current, in the coil in unity. 


The S.I unit of ‘L’ is 1 Henry= 1 H 


We have H Biol =ohm - second 
(ampere / second) 








Also H= Wb/ampere (from ¢ = Li) 


Calculation of Self Inductance 
It is possible to calculate the selfin ductance for circuits with simple geometries. 


Let us consider a long straight solenoid of cross section area A and length £ , having ‘n’ turns per unit 
length. When the solenoid carries a current I, the total flux linking with the solenoid 


bs = Nb, = NBA 
= (n£) (uni) A 


By definition, self inductance Į, = (Nos) 


i 
Hence L = p,n’ A/ 


Ifwe fill the inside ofthe solenoid with a material of relative permability u, , then, L = p,u,n’ A? 


This, the self inductance of the coil depends on its geometry and on the permability of the medium. 


The corresponding expression for a (small) plane circular coil of radius ‘r’ will be 


T pon’ l nr 
2 
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Energy Associated with Self Inductance 


Let dœ be the work done in establishing a current ‘i’ in the solenoid, in a time dt. Work has to be done, 
against the back emf, in establishing this current. This work is stored as magnetic potential energy. 


dw = Vdq =(—e) (idt) 


(Lari 
dt 
do = —Lidi 


<. Total amount of work done in establishing the current I is, then 


peor 
2 


1 
This work is stored in the form of magnetic potential energy (v. = 7 L? ) in the magnetic field of the 


1 
solenoid. This expression can be considered as equalivalent to 5 mV? for mechanical kinetic energy of a 


particle ofmass M. It shows that L is analogus to m (L is the ‘electrical inertia’ which opposes the growth 
and decay ofcurrent in the circuit). 


The above expression for the magnetic energy, stored in the magnetic field of solenoid, can be rewritten as 


ı (BY 
=— L| — (.. (B= uni) for a solenoid) 


= Huao) (- L=p,n°A?) 


ey, 


2 Ho 


<. The magnetic energy, per unit volume, is 


Uy _ 1 BY 


m 


Vv 2 


B= 
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This expression is similar to electrostatic potential energy stored per unit volume in the electric field. In both 
cases energy is propotional to the square of the (corresponding) field strength. 


An ideal solenoid, or coil, whose inductance (L) is much greater than its winding resistance (R) [L >> R) 
is considered to be an inductor. Hence inductor is a circuit element (like the capacitor) which stores 
magnetic energy in the magnetic field ofa current carrying coil. 


We have derived the formula for energy density, for the special case of the uniform magnetic field ofan 
ideal solenoid (inductor), the result is a geenral one and is valid for any region of space in which a magnetic 
field exists. 


Mutual Induction 


Let there be two coils in close proximity of each other. When the current in one of these coils changes, the 
magnetic field due to it over the other coil changes. Hence the magnetic flux linked with the other coil also 
changes and an emf is induced in this neighbouring coil. Such a phenomenon is known as mutual induction. 
The (first) coil, in which the current changes (leading to change in magnetic flux linked with the second coil), 
is called the primary coil. The second coil, in which induction takes place, is called the secondary coil. 





Primary Coil Secondary Coil 


Let bp be the magnetic flux linked with the secondary coil, when a current i, flows through the primary 
coil. Then 


bs = (Neos) £ ip 


or 3 =(Nsbs)=Mip 
where M is a constant of proportionlity. 
‘M’ is called the ‘Mutual inductance’ or ‘Coefficient of mutual inductance’, for the given pair of coils. The 


emf induced in the secondary coil is given by 


do, d 
== =e 
> dt q eD 





Ey --mo 
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Es 


(ai 
dt 
Hence mutual inductance, for a pair of coil, is equal to the induced emf, set up in one coil due to unit rate 
of change of current in the other coil. 
The SI Unit of M = 1H=1 Henry 
= ] (ohm-second)= | (Wb/ampere) 


The value of mutual inductance ofa given pair of coils, depends upon the number of turns of the coils their 
geometrical shape and size, their relative separation as well as their relative orientation. It also depends 
upon the permiability of the medium in the space between the two coils. 


Consider two long co-axial solenoids each of length '¢'. 





When a current i, is set up in the outer coil S,, the corresponding flux linkage with S, = N,o, = M,,i, 
Alo N,, = N,B,A, 

=(n,£)(pn,i, )(xr?) 
This implies that 

Mp = Holt sim l 


If we consider the reverse case, the flux linkage, due to current i, in S,, canbe assumed to be confined 
solely inside S.. Since solenoids are (usually) very large. The corresponding flux linkage with S., 


No, = M;i, 
N,Q, =N,B,A, 


This implies that = (n,/) (uoni, ) mr, 
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We thus see that M,, = pnn, 7e? 
M, = M, E M 

Hence, in general one can write that, for a pair of solenoidal coils 
M= BANNA 


Here N, and N, are number ofturns in the primary and secondary coils, having a cross sectional area A, 
anda length ¢. 


Special Case-I : 


Consider the general case of currents flowing simultaneously in two nearby coils. The flux linked with one 
coil will be the sum of two fluxes which exist independently. We can write 


Nid, =M,1,+M,1, 
Here M, represent the inductance effects, due to the same coil. It is therefore, its self inductance ; ‘L,’ 
N,o, =LI, +M,,1 


1272 


Hence the total induced emf, in coil ‘I’, will be its self induced emf (back emf) plus the ‘mutual induced 








i ESY . di, dI, 
emf’, due to change in current in coil ‘2’. This can be expressed as © L, dt H| -M dt 


Special Case-II : 


(a) When two ideal solenoids (inductors), of self inductances L, and L, are connected in seires, then 
their equivalent selfinductance will be 


L, =L, +L, +2M (Ifthe coils are coaxial or very close) 
If flux, ofone coil, favours the other, then Loa =L +L, +2M 
and if flux, ofone coil, opposes the other, then L,, = L, +L, -2M 


(b) Ifthe coils are seperated by a large distances, M becomes negligible. Hence, in such a case, for the 
two coils. 


L,, =L, +L, 
(c) Iftwo inductor are connected in parallel, turns out that 


L,L, -M° 


eq = L,+L,+2M (For coaxial coils or nearby coils) 
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For isolated coils (or for large separation of two coils) 


L, = LL, 
7 L, +L, 





(d) The coefficient of coupling, K, oftwo coils is a measure of the magnetic coupling of the coils. It is 


given by K = 





. Here L, and L, are the self inductances of the two coils and M is their 
team 


mutual inductance. K is always less than one. 
Example—7 : 


A small circular loop, of radius 3cm, and a bigger loop, of radius 20cm, are placed coaxially, at a distance 
of 15cmas shown in the figure. A current of 2A flows through the smaller loop. Find the flux linked with the 
bigger loop and the mutual inductance of the two loops. 





Solution : 


By symmetry, the flux linked with the bigger loop, due to current in the smaller loop, will be sameas the flux 
linked with the smaller loop, due to the same current in the bigger loop (~. M,, =M,, =M). 


Now the magnetic field, at the centre of smaller loop, due the to a current, 1, in the bigger loop, is 


2 
Holti 


B = 3 
“apy 


_ 4nx107 x2x (0.20) 
2((0.20} +(0.15) y 





= 3.2x10° Wbm? 
The field B, is along the axis. The flux linkage, with the smaller loop due to B, this field will be (nearly) 


p =B,A, =B 1r 
=3.2x10% x3.14(0.030) Wb 
=9x10° Wb 
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This is the same as the flux 6, , linked with the bigger coil, due to same current in the smaller loop. We, 
therefore, have 








-9 
M=- , _ 9x10 Wb 45x10°H 
i 2A 
=4.5 nH 
Example-8 : 


A very small circular loop ofarea 5x 10“m’, resistance 2 ohm and negligible inductance, is initially coplanar 
and cocentric, witha much larger fixed circular loop of radius 0.1m. A constant current of 1 ampere is 
passed through the bigger loop and the smaller loop is rotated with an angular velocity 'œ' rad/s, about a 
diameter. Calculate the induced emf and induced current, as a function of time, in the smaller loop. 


Solution : 
The magnetic field, at the centre oflarger loop, is 


Mi 4nx107 x1 
2r 2x0.1 





B T=2nx10°T 


1 
Magnetic flux, linked with the smaller loop (ofarea A,), placed at centre will be (nearly) 
p, =B,A, cos0 

=B,A, cosat 

= (20x 10° x5x 10*)cos ot 

= (nx 10° )cos ot 


The induced emf, in the smaller 


£, -5h nx10°( Zeose) 





=|(2x10°)sin at | Volt 
( ) 


<. Induced current 
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i -|(Zx10o)sin ot ampere 
2 


Induced emf in a planer coil,due to a change in its orientation in a uniform magnetic field 


Let a planer coil, having N turns, of area A each, rotate in a uniform magnetic field, B, with a constant 
angular velocity 'œ', about an axis coinciding with the plane of the coil and perpendicular to the uniform 
field. As a result, the effective area of the coil, exposed to the magnetic field lines, changes with time. The 
flux, at any time t, is 


dg =N (BA cos at) (... effective area =A cos 9 =Acos œt) 
From Faraday’s law, induced emf in the rotating coil, is 


dh NBA d (cos wt) 
dt dt 





= NBAgosin ot 


This is the instantaneous value of induced emf. Clearly £, (= NBA) in the maximum value of this induced 


emf; this occurs when sin wt = +1. We can write the above equation as 


e= sin@t where s, = NBAo. 


Hence induced emf, in the coil, varies with time in a sinusoidal way. When the plane of the coil is parallel to 
B (sin wt = 1), the induced emf is maximum. When this plane is perpendicular to B (sin œt = 0), the 
induced emfis zero. 


This method, of producing a flux change, due to a change in the loop’s orientation, (or change in its 
effective area (A cos Q )) is the principle of operation ofa simple a.c. generator. 


Ana.c. generator converts mechanical energy into electrical energy. In commercial generators, the mechanical 
energy, required for rotation of the coil, is provided either by water falling from heights in dams (hydro- 
electric generators) or by steam at high pressure, produced in thermal generators. Nuclear energy is now 
also being increasingly used, for this purpose, in the so called nuclear energy powered electric generators. 
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Alternating Current 
Alternating Current 


Alternating current is that current which continuously varies in magnitude and periodically reverse its direction. 
The same is true for alternating emf’s or voltages. 


The simples type of alternating current is one which varies with time is a simple harmonic (sinusoidal) way. 


It is represented by i = i, sin wt 
Current 


f 


—> Time 


where iis the instantaneous value of curernt, at time t, i, is the maximum (or peak) value of the curernt. i 


may be called as the ‘current amplitude’. 'œ' is called the angular frequency, of the alternating current 
(a.c.), and in given by 


ae age 
T 


Here T is the time period and fis the (linear) frequency of the alternating current. In the same manner, the 
instantaneous value ofa sinusoidal alternating emf (or voltage) is represent by 


v= vsin wt 


Mean (or Average) Value of A.C. 


An alternating current (or voltage) flows, during one half cycle, in one direction, and during the other half 
cycle in opposite direction. Hence for one complete cycle the mean value ofthe a.c. would be zero. This 
is why there is no (net) deflection in a moving coil galvanometer when an alternating current passes through 
it. Average value over full cycle 


T 
fi sin otdt 


However, the mean value, ofa sinusoidal a.c, over a half cycle, has a finite value. 


Mean, or average value over halfa cycle, is given by 
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% 
fi sin ot dt 


i = 0 = 


av VA 
Í dt 
0 


2i, 





=0.637 i, 


similarly Torr va) 
T 


We thus notice that the mean value, ofa simusoidal a.c., over a half cycle, is 63.7% ofits peak value. 


Root mean Square Value of a.c 


The root mean square (r.m.s) value of a.c is defined as the square root of the average value of i’, over a 
complete cycle. 


Now, average value of į? , over a full cycle is given by, 


— {1 
2 _ + [32 
P= fiat 


0 


1 T 
=z ficsin’ oat 
0 


This comes out to be i? = 


es, 
N |e 


Hence, the root mean square value of a sinosoidal a.c, is given by 


i =vViv = 


to 
rms 2 
= 0.707 i, 

Thus, the root mean square value ofan a.c, is 70.7% of its peak value. 


Ina similar way, 


y = 


Ai, 
r.m.s V2 
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Physical Significance of r.m.s Value 


Ifan a.c, i =i, sin wt, passes through a resistance R, the instantaneous rate of heat production is 


P=iR 


The ‘average’ rate of production ofheat, over one complete cycle of current, is then given by 
P,=?R=i2,R 


Now if one passes a direct current, of strength i , ina resistance R, the rate ofheat production will again 
be i?’ R . Thus the root mean square value, ofan a.c., is equal to that direct current, which produces the 


same (total) heat, in a given resistance (in a time equal to the time period of the a.c.) as the given alternating 
current does over its one complete cycle. 


Hence, the root mean square value, ofan a.c., is also called as the ‘effective value’ or the ‘virtual value’ of 
the given a.c. The measurable value of an a.c. is thus its r.m.s value, or ‘effective (or virtual) value’. The 
ammeter or voltmeter designed to measure a.c., would directly give the relevant r.m.s value. In our houses, 
alternating current is supplied at 220 V. It means that 

V ng = 220 V. The peak value (v,) = V2v,. =311V 


rms 


‘Phasors’ or Phasor Diagrams 


Inana.c. circuit, the frequency of the alternating current and alternating emfis same. However, it is not 
necessary that they both be in the same phase. Usually, when the current in the circuit in maximum, the emf 
is not maximum and vice-versa. The phase difference between the two, depends upon the type of circuit. 
Phase ofa.c may be defined as the time period that has elapsed. Since the current (or emf) last passed its 
zero value in the positive direction. 


The study ofa.c circuits is much simplified if we treat alternative current or alternating emf as (kind of) 
vectors. The angle between the ‘vectors’ representing current and voltage is taken equal to the phase 
difference between them. The current and emf ‘vectors’ are better called ‘phasors’. Adiagram, representing 
alternating current and emf as ‘phasors’, showing the phase angle between them, is called a ‘Phasor 


Diagram’. 
AC Voltage applied to a Resistor R 


Let an alternating voltage v = v, sin œt be applied across a pure resistance 


‘R’. The applied voltage will be equal to the p.d across R at any instant of 
time t. Thus © 


V= V, Sin wt 
v(t)=i(t)R 
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v, sin@t =iR 
= Vga Lo. 
Hence 1 =R oe sin wt 


Yo 


R ) is the peak value ofcurrent in the circuit. 


where 1 (- 


The above expression shows that in a pure resistance, the current is always in phase with the applied 
voltage. 





Vims 





The above graphical representation shows this. It shows that both v and i reach their zero, minimum and 
maximum values at the same time; there is thus no phase difference between v and i. The instantaneous 
power disipated in resistor is 


P=iR= (i; sin? t)R 


The average value of P, over a complete cycle, is 





ele 
fi sin’ wt a apt 
P, == R=" Jsir? cot dt 
T T? 
sige (+s) R 
2 2 
y? 
P = ae =- > 
R 
( V ims Sim R) 
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AC Voltage applied to a Pure Inductor 


Let an alternating voltage, v = v, sin wt , be applied across a pure inductor of 


L 
090900 0 


inductance L (it is supposed to have zero resistance). As the current i, in the 


di 
inductor varies with time, an opposing back emf (- L ä) (selfinduced), gets 


& 


induced in the inductor. We, therefore, have, as per Kirchoff’s law. V=V, Sin wt 
v-L di =0 
dt 


. di 
v sin ot = L— 
dt 


di =(žesin ot Jar 
L 


On integrating both sides, we get an expression for the instantaneous current i in the circuit. We have 


i= vo sin ot- 
or oL 2 
ee i T 
or i=i, sin oar 


Vo 


aË ) is the maximum, or peak, value of curernt in the circuit. 


Here lo (- 


Acomparison of this equation with the voltage equation, shows that, in a pure inductor, the current lags 


T T 
behind the applied voltage by a phase angle of 7 Voltage thus reaches its maximum value (z) seconds 


earlier than the current in the circuit. 


: v : : 
As ly = aE , we find that the product œL must have the same dimension as those of resistance. This term, 


therefore, represents the effective opposition of the inductor to the flow of alternating current. It is known 
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as the ‘reactance’ of the inductance, or inductive reactance. It is denoted by the symbol X,. Thus 
X, =@L = 2nfL 


Vims 


T 


lims 





The inductive reactance increases with frequency, in a linear, or proportinoal way. 


We can also write, v.~ =i,,.X 


rms rms“ *L* 
; ; ; f X) 
The instantaneous power supplied to the inductor is 


P=vi=(v,sinot)| isin (o3) 
2 w(f) —— 


= —V ių Sin Mt cos wt 
The average power, over a complete cycle, is given by 
It. 
P. => Í vidt 
T 0 
This comes out to be zero i.e. P_ = 0. This means that in alternate quater cycles, energy is absorbed from 
the source by the inductor and then returned back to the source. This is because the ‘back emf’ opposes 


both the growth and decay ofthe current in the circuit. Over a complete cycle, the inductor thus acts as a 
‘wattless’ circuit element. 


AC Voltage applied to a Pure Capacitor 


Let alternating voltage, v = v, sin wt , be applied to a pure capacitor of capacitance ‘C’. The capacitor 


gets alternatively charged, and discharged, as the current reverses each half cycle. C 
Let q be the charge on the capacitor plates, at any instant of time ‘t’. We have 
q(t) = ev (t) 
_4 
m=) V = Vo Sin wt 
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dv Lag 


dt cdt 


The instaneous current in the circuits is, therefore, given by 


Toe 


= (v, sinat) 


1=Ccv,@cos wt 





o yv Vo T 
i =-— cos ot = sin(ot +2) 


= te ie 


—_ Yo 
where í 1 is the maximum, or peak value, of current in the circuit. 


wc 
Acomparison ofthis equation with the voltage equation shows that, ina pure capacitor, current is ahead of 


T T 
voltage by a phase angle of > The current, therefore, reaches its maximum value 7 seconds earlier than 


the voltage applied across the capacitor. 


lms 





T 
Vims 
pa i 1 
As ° (=) , we find that the product oe must have the same dimension as those of resistance. This 
oc 


term thus represents the ‘effective opposition’ ofthe capacitor to the flow ofalternating current. It is known 
as ‘reactance ofthe circuit’ or ‘capacitive reactance’. It is denoted by the symbol X. 


Gee 
€ @c 2nfe 
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1 
Thus capacitive reactance decreases with increase in freqeuncy. As X¢ © D the graph ofX„, against œ 
(or f), has the form shown here. 


=i X 


rms rms 


We can also write, v ” 


The instantaneous power supplied to the capacitor is 


- . Man T 
P=vi=(vsin onfi sin (o + =) 


Xc 


W, ® —_ 
= Voip Sin Wt cos wt 


The average power, over a complete cycle, 
lf. 
P, =z Í vidt 
T 0 


This comes out to be zero. 


This means that energy is absorbed from the source during one quater cycle (when capacitor is getting 
charged). In the next quater cycle, energy gets returned to the source, (as capacitor gets discharged over 
a complete cycle), the capacitor thus acts like a ‘wattless’ element. 


To summarise: 
Pure R Pure L Pure C 
v=vsinot v= vsin ot v=vsinot 
a eet se T Roe T 
i=i, sinat 1=1, sin} @t-— 1=1,sin| Ot +— 
9 2 2 
Vims = imR Vims ~ ims XL Vims rms 
P, =i R P =0 P =0 


T 
v, i are in same phase v is ahead ofi (in phase) by 7 
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AC Voltage applied to Inductor and Resistor in Series (LR Series Circuit) 





V= Vo Sin wt 


Let an alternating voltage, v = v, sin wt be applied to a circuit containing a pure L anda pure R, joined in 

series. The same current ‘i’ will flow both in Land R. However, in R, it is in phase with the applied a.c 
T 

voltage but in L, it lags behind the applied a.c voltage by a phase angle of 7 Thus rms potential drop 


across R, (Vp), and the rms potential drop across L, (V,) rms, must be shown at right angles to each 
other in a phasor diagram. The phasor diagram is, therefore, drawn as shown. 





(Vr)ms > ims > 


. | 2 2 
or Vims = Lins R +X, 


The term ,/R* +X? is therefore, the ‘effective resistance’ (series combination of the resistance of R and 


the reactance of L) of the circuit. It has been given the name ‘impedance of the circuit’. We use the symbol 
z for impedance. 


Thus, here z = R° +X? 
=/R*+(@L) 


Also,v =i zZ 


rms rms 


The phasor diagram shows that, in a series LR circuit, the voltage (still) leads the current, now bya phase 


T 
angle go <o< z) . This phase angle is given by 
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(Vi) 2 Ims (X,) = oL 
(Vras ims (R) R 


The inductive effect dominates in a series LR circuit. This means that the voltage reaches its maximum value 


T t , seen a _T>_ 4 
>|, or ol? seconds earlier than the current in the circuit. (There is a time — lag of At = Ga O 


tan = 





2m o 
seconds, between the current and the voltage, vis-a-vis reaching their peak values). 


Example-9 : 


A students connects a long air cored coil, of manganin wire, to a 100 V d.c source and records a current 
of 1.5 A. When the same coil is connected across. (100 V; 50 Hz) a.c source, the current reduces to 1A. 
Why? Also calculate the reactance ofthe coil. 


Solution : 


In d.c circuit the impedance of the coil, is only due to its resistance ‘R’. Hence 


: V 
lac = R 


R -o = 66.670 


When the same coil is connected to an a.c source, the impedance of the coil is due to both its resistance R 
and its inductance L. The coil now acts like a LR series circuit, having a impedance 


zZ=,{R? +(@L) 


The value of current, in the a.c circuit decreases, because of this increase in impedance ofthe coil. 








Now ba = 
R? +(@L) 
(100) 
[(66.67} + (2nfL) 


(2nfL)’ = (5555) 
> X, (=2nfL) = ¥55550 
= 74.530 
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Example-10: 


An inductor ‘L’, and a resistor ‘R’, are connected in series to an a.c source. The potential drop across 
inductor is 160 watts and that across the resistance ‘R’ is 120 volt. Find the virtual value of the applied 
voltage. Is algebric sum of the potential drops across L and R more than this value? If yes, resolve the 
paradox. 


Solution : 


2 


We have va = (Vr) +V) 


rms rm 


= ,|(160)° +(120} 


= 200 V 


Hence algebric sum of p.d. across L and R ((160 + 120) V = 280 V) is more than the virtual or rms value 
of applied voltage. This is due to the phase relation between (V, ) „and (Vp), The potential drop, across 


T 
the inductor, is ahead of potential drop across resistor by a phase angle of 3: Therefore, they cannot be 


added like pure numbers. We need to add them by using the rule for ‘vector’. This type of ‘addition’ gives 


v= (1207 +(160} |v 
=200 V 


AC Voltage applied to a Capacitor and a Resistor in Series (RC Series Circuit) 
C R 


ev Vh 


V= Vo Sin wt 


Let an alternating voltage, v = v, sin ot , be applied to a circuit containing a pure C an da Pure R, joined 
in series. The same current i will flow in both C and R. However in R it is in phase with the applied a.c 


T 
voltage, whereas in C, it leads the a.c.voltage in phase by 7 Thus rms potential drop, across the resistance, 


T 
is ahead ot the rms potential drop across the capacitor by a phase angle of > The phasor diagram is, 


therefore drawn as shown. 
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2 2 


Thus, Vims = (Vr Ja = (Ve Jans 


. ji 2 2 (Ve) mas 
or Vims = Lams R +Xo 


Here ./R? +X? isthe ‘effective resistance’ of the (series CR) circuit. 


It is called the impedance of this circuit and is denoted by z. 


n Z= R° +X? 


andv_ =i 
rm: rms 


s 





The phasor diagram shows that in the RC circuit, the voltage lags behind the current by a phase angle 


T 
ofo <o< z) . As seen from the phasor diagram, the phase angle, 6, is given by 


(Vo Jis es) Xe = 1 
(Ve Jay R  @CR 





tan d= 


The capacitive effect dominates in this circuit. This means that the current reaches its maximum value 


T b T 
Z o) , or (2) , seconds earlier value the voltage in the circuit. There is a time lag of At = — = 2 
T o 2r œ 
seconds between the voltage and the current, vis-a-vis reaching their peak values. 


Example-11 : 


A100 uF capacitor is connected in seires with a 40 Q resistor to a (110 V, 60 Hz) supply. Find the time 
lag between the instants at which the current and voltage reach their, respective, maximum values. 


Solution : 


T 
Time lag At = — 
ime lag m? 


X 1 
=tan™'| —£ |= tan” ( 
Here b í R ) oCR 





452 


UDAON 


A program to give wings to girl students 


= wh : ) 
2x3.14x 60x40 


= 33.56° 








Now Ate z*(33.56°) [1 -4) 
360 60 





Eo 1 
t= 


x— |s=1.55x10°s 
360° 60 


=1.55 ms 


AC Voltage applied to a Pure Inductor and a Pure Capacitor in Series (LC 
Series Circuit) 


L C 


<Vi> €<V> 


V= Vo Sin wt 
T 
In this case, voltage across L will lead the current in the circuit by 7? while the voltage across Cwill lag 
T 
behind the current by 7 Thus phase difference between the two voltages is 7. 


Hence V, = (v. Jims ~ (Vo ) ins 


rms 





Colas 


=i 


~~ “rms 





xX, -Xel 


lms 


Here |X, -Xo | is the effective reactance ofthe circuit. Va 
CJrms 


Special Case: 


G) I£ in this circuit, X, = X, the amplitude of current in the circuit, would tend to be infinite. It is 
therefore, the condition of ‘electrical resonance in this circuit. 


When X,= X» we have 
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aC 
O= l f= l 
= JLC’ OnE 


This frequency value (= f), is called the ‘resonant frequency’ of the given (series) LC circuit. 


T 
(i) IfX,>X_,, the inductive effect dominates. The current lags behind the voltage by a phase angle of 7 


in this a.c circuit. However the peak value, or amplitude of current, increases as effective value of 
reactance is lower than that of either L or C. 


T 
Gi) IfX >X, the capacitive effect dominates. The current leads the voltage by a phase angle of 7 in 


the a.c circuit. However the peak value ofamplitude, ofcurrent increases as the effective value of 
reactance is lower than that ofeither L or C. 


AC Voltage applied to Series LCR Circuit 





V= VÀ Sin wt 


Let an alternating voltage, v = v, sin wt , be applied to an a.c circuit, having L, C and R, joined in series. 


The same current i, will flow in all the three elements. As discussed earlier, the phasor diagram for this 
circuit will be drawn as shown here. 


Lims 





(Vo)ms 


Case (i) : 


If(V, Jans > CV Dany the resultant, ofthese two, will be [(V,)_.— (Vung: 


rms? 


We, therefore, have 
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(Vi)ms= (Vo) 


rms 


Ins 





rms 


Here, the impedance of the circuit, ‘z’ is given by 
z=.JR?+(X, -X,) 

Here (V_)_ > (Vo) 
=> lX > limXc 


X > Xe 


Hence the inductive effect dominates in such a circuit. The applied voltage, V, leads the current, i, by a 
phase angle p where 


WON 
(Va Jis 


ea 


T ọ 
This means that the voltage reaches its maximum value (= o) or () seconds eariler than the current 


tan d= 





reaching its maximum value, in the circuit. The value ofinstantaneous current in the circuit is, i = i, sin ( ot — b) 


Case (ii) : 


If (V dms? (V Dime the resultant ofthe two will be [(V e)n- V Dene! 


rms? 


We, therefore, have 


Vm (Va Jin (Ve) (Vans) 





1 Ven 





(VoDems (Vi) ims 
=i m VR? +(Xo-X,) 


~~ “rms 
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Sim Z 


~~ “rms 


Here the impedance of the circuit, ‘Z’, is given by 
Z=4JR? +(X,-X,) 
Here (Vo) ms 4 (Vihas 


Slm Xe > Lins Ai 


rms 


or X. >X, Hence capacitive effect dominates in such a circuit. The applied voltage, V, lags behind the 
current i, bya phase angle ọ ; where 


(Ve) (VL Jans | 





tan d= 
( Vr ims 
[5] 
R 
T b . 
This means that voltage reaches its maximum value on | or 5 seconds later than the current reaching 


its maximum value in the circuit. 


The instantaneous current i in such circuit is, i=i, Sin (@t+ọ) 
Case (iii) : 
An interesting characteristics ofthe series LCR circuit is the phenomenon ofresonance. 


For an LCR circuit, driven with applied voltage of amplitude V, and (angular) frequency œ, we know that 
the current amplitude equals 


_Wo = Vo 
a 





i 





0 


1 
Here X, = œL and Xe =C . If œ is varied, at a particular frequency @,, we can have X= X,. [or 


CV )ims = (V | 


The impedance ofthe circuit is then at its minimum value (Zi =VR’°+0= R] . This (angular) frequency 


456 


UDAON 


A program to give wings to girl students 


1 
©, is called the resonant (angular) frequency. It is given by as X= X,, vC = OL 
0 


1 


0 === 
° JLC 


: V, 
At resonant frequency the current amplitude is maximum (io) = Z = 





Vo 
R 


min 


For values of œ, other than œ, , the amplitude of current in less than its maximum value. The maximum 
value ofcurrent, however, depends on the resistance R in the circuit. 


Resonant circuits have a variety ofapplications. These include, among others, the tunning circuits ofa radio 
or T.V. set, and the working of metal detectors. 


Sharpness of Resonance 


Suppose we choose a value of œ for which the current amplitude is Va times its maximum value. At this 


frequency, the power, dissipated by the circuit, becomes half ofits maximum value. 





From the graph between iand œ, we see that there are two frequncies, œ, and œ, , one greaer and the 


other smaller than œ, . These two frequencies are located symeterically about œ, ; for the angular frequency, 
i 
the current amplitude is = . These two frequencies are referred to as the half power frequencies. 


We can write @,=@,+A@ 


@, = 0 —A@ 


o 
The difference, (, - @, )(= 240), is often called the ‘bandwidth’ ofthe circuit. The quantity (2) is 


regarded as a measure of the sharpness of resonance. The smaller Aq is the sharper, or narrower, is the 
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R 
resonance. The value of Aq comes out to be equal to aL: (by solving the expression for impedances for 


a= and @=0, or Q ) 
The sharpness of resonance is, therefore, given by 


Op _ ML 
2A@ R 








L 


R ) is called the ‘quality factor’, Q ofthe circuit. Thus 


The ratio ( 








Q= OM @) _ L 1 me hase 1 
(œ -0,) Aw R CR RYC NTS 


Example-12 : 


An a.c. source of frequency 50 Hz is applied to a series circuit ofresistance 20 Q , an inductance of 100 
mH and a capacitance of 30 uF . Does the current lag or lead the applied voltage? If so, by what (phase) 
angle? 

Solution : 


Here inductive reactance XL = mL 
=2nfL 
=2x3.14x50x0.10 =31.40 


1 
Capacitive reactance Xc =—~ 
p € oC 


1 1 
= = Q 
QnfC 2x3.14x60x30x10 





=106.2Q 


Thus X> X, . Hence the current leads the applied voltage by an angle p where 


(X.-X,) _106.2-13.4 
R 20 


= 3.74 





tan b= 


<. d=tan | (3.74) =750 
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Example-13 : 


An LCR series circuit, with resistance 100 Q is connected to ana.c. source of 200 V and angular frequency 


300 rad/s. When the capacitance is removed from the circuit, current lags behind the voltage by 60°. When 
the inductance is removed from the circuit, the current leads the voltage by 60°. Calculate the current in the 
circuit. 


Solution : 


oL 
We have tan 60° = R (when ‘C’ is removed) and 


tan 60° = a when ‘L’ is removed 
@CR ( ) 


© =— 
or Lc 


This implies that circuit is at resonance. 


i = Ves. =m 
äi Z min R 
= Wy =2A 
100 
Example-14 : 


Sketch the variation ofimpedance (z) with angular frequency (œ) , for a series LCR (a.c.) circuit. 





Solution : 


2 
We have Z’ =R? (ot-5} 
aC 


459 


UDOON 


A program to give wings to girl students 
At o@=@,, Z=R 
Zis more than R both for œ < @, and for œ > @p . The curve is symmetrical. 
Further, 


For œ < œ, , capacitive effect dominates in the circuit. 


@ > @, , inductive effect dominates in the circuit. 


Power in a Series LCR AC Circuit 


When a voltage, v = v, sin ot , is applied to a series LCR circuit, the current in the circuit is given by 
ae er s vV, = -1 IX, = X,| 
i =i sin(@t}). Where i, =— and b= tan | R 

Zz 


[negative sign for inductive effect and positive sign for capacitive effect] 
Therefore, the instantneous power ‘P’ supplied, by the source, is 
P=vi 
=(v, sin ot)(i, sin(@t} )) 
The average power over a full cycle is given by 
E 


P, == fviat 


0 


Volo 
T 





fisin ot)(i, sin (ot F )) dt 


1. 
= 5 Volo cos b 


=y cos b 


ms! rms 


This can be written as 
P =i? zcoso 


av rms 


So, the average power dissipated in the circuit depends not only on the rms values ofvoltage and current 
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but also on the phase angle,  , between the two. 


The quantity ‘cos ¢’ is called the power factor (for the series a.c.) circuit. 
Case (i) 


Resistive Circuit : If the circuit contains only a pure resistor, there voltage and current are in same phase i.e. 
b = 0. The power factor ‘cos ¢’, is therefore unity. There is maximum power dissipation in such a pure 
resistive circuit. 


Case (ii) 


Purely inductive or capacitive or a series LC circuit: If the circuit contains only a pure reactance ‘X’, the 


T 
hase diffrence, between voltage and current, is | += |. Therefore, power factor ‘cos b’, is zero. Hence 
p g 2 p 


no net power is dissipated, over a complete cycle, though current is flowing through the circuit all the time. 
This current is therefore also referred to as a ‘watless current’. 


Case (iii) 


T 
LCR Circuit : Ina series LR, RC or a series LCR circuit, ¢ is non zero [o << z) . Even in such cases, 


power is dissipated only in the resistor. In ideal case P,, = v,,,,i,,,, COS = i2 R cos > 


rms rms rms 
Case (iv) 


LCR circuit at resonance : At resonance X, = X, and ¢=0. Therefore ‘cos $’ is unity. As Z nZ R, 


min 


P. =i? R . Thus maximum power is dissipated in sucha circuit (through R) at resonance. 


Example-15 : 
A series LR circuit draws a power of 550W from a 220V—50Hz source. The power factor of the circuit 


in 0.8. The current in the circuit lags behind the voltage. Show that a capacitor, of value about 


1 x 
zo x107 F, will have to be connected in the circuit to bring its power factor to unity. 


Solution : 
We are given that cos p = 0.8 


: tanp={ 2E) -t 0.6 3 


R cos b 0.8 4 
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~ oL -R 
4 


a) 5 
.. Inpedance of the LR circuit =z = yR“ + (@L) = 45 





2 
eons V 
Power dissipated = —“*.cos b 
Z 


(220) 
(%R) 


This gives R=56.32 Q 


550 = 





(0.8) 


and ©L = =x 56.3Q 
The power factor would become unity ifa capacitor, C, is connected in the circuit, for which 


oL =— 
oC 


This given C= =—— 
pee oL oL 


= : F= l x10” F 
(2rx50)x3x56.32 427 





Transformer 


It consists oftwo coils wound on the same core. The alternating current passing through the primary 
creates a continuously changing flux through the core. This changing flux induces an alternating emfin the 
secondary. 


Laminated sheets 





Source 


^ 
(~) Input H H Output 
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Transofrmer works on ac only and never on d.c. 

It can increase or decrease either voltage or current but not both simultaneously. 
Transformer does not change the frequency of input a.c. 

There is no electrical connection between the winding but they are linked magnetically. 
Effective resistance between primary and secondary winking is infinite. 


dg, __ dh, 
dt dt 





The flux per turn ofeach coil must be same i.e. >, = >,;— 


IfN, = number of turns in primary, N, = number ofturns in secondary V,= applied (input) voltage 
to primary, V, = Voltage across secondary (load voltage or output), e, = induced emf in primary; e, 
= induced emf in secondary, = flux linked with primary as well as secondary, i, = current in 
primary, i, = current in secondary (or load current). 


As in an ideal transformer there is no loss of power ie. P|, = P, so Vi=V,i, and 
V, 


S 


V, i 


p s 


e, Ns lp 








Vp = €p, Vs = €. Hence k ; k= transformation ratio (or turn ratio) 


ep P 


Types of Transformer 


Step up transformer Step down transformer 
It increases voltage and decreases current It decreases voltage and increases current 
Me We V <V, 
N,>N, N, < N, 
E,>E, E,<E, 
i, <i, i, <i, 
R~ Ry R,<R, 
t> t t.>t, 
k,>1 k,<1 


Efficiency of transformer (h) : Efficiency is defined as the ratio of output power to input power i.e. 


n% = Pon x100 = Vss x100 
Vplp 


in P 
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©) 


(10) 


For an ideal transformer P „=P, so n =100% (But efficiency of practical transformer 
70% — 90) 


For practical transformer P, =P „+ P 


losses 


%= Pow x100 = Pout x100 = Fa x100 


P, (Pe sh: PL ) Pa 


Losses in transformer : In transformers some power is always lost due to, heating effect, magnetic 
flux leakage, eddy currents, hystersis and humming. 





so 1) 


(i) | Culoos (? R) : When current flows through the transformer windings some power is lost in 
the form of heat (H = I? Rt). To minizie this loss windings are made of thick wires (to reduce 
resistance) 


(it) Eddy Current loss : Some electrical power is wasted in the form of heat due to eddy currents 
induced in core, to minimize this loss transformers core are laminated and silicon is used as the 
core material as it increases the resistivity. The material of the core is then called alloy of iron 
(steel). 


(ii) Hystersis loss : The alternating current flowing through the coils magnetises and demagneties 
the iron core again and again. Therefore, during each cycle of magnetisation, some energy is 
lost due to hysteresis. However, the loss of energy can be minimised by selecting the suitable 
of core, which has a narrow hysterisis loop. Therefore core of transformer is of soft iron. Now 
a days it is made of “Permalloy” (Fe-22%, Ni-78%). 


(iv) Magnetic flux Leakage : Magnetic flux product in the primary winding is not completely 
linked with secondary becuase few magnetic field lines complete their path in air. To minimize 
this loss secondary winding is kept inside the primary winding. 


(v) Humming losses : Due to the passage of alternating current, the core of the transformer 
starts vibrating and produces humming sound. Thus, some part (may be very small fraction) 
electircal energy is wasted in the form ofhumming sound produced by the vibrating core of the 
transformer. 


Uses of transformer : A transformer is used in almost all a.c. operation e.g. 
(i) In voltage regulators for TV, refregerator, computer, air conditioner etc. 
(ii) Inthe induction furnances. 

(ii) Step downtransformer is used for welding purposes. 


(iv) In the transmission ofa.c. over long distance. 
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PROBLEMS FOR PRACTICE 


A long solenoid of radius 0.01 m has 600 turns per meter. A smaller coil of 100 turns is wrapped 
closely around the centre of the bigger solenoid. Ifthe current in the solenoid rises from zero to 2A 
in Ims. Find the emf induced in smaller coil. 


Ans.: 47.3 mV 


A coil of area 500 cm? and 2000 turns is kept normal to a magnetic field of 4x 10° Wb/m”. It is 
rotated through 180° in 0.1 second. (i) Calculate the average induced emf (ii) ifthe total resistance of 
circuit be 20 ohm, calculate the induced charge. 


Ans.: (i) 0.08 V, Gi) 4x10*C 


In an aeroplane, the distnace between the edges of its wings being 30m. During landing down its 
velocity is 300 Km/hr and wings ofthe aeroplane be east-west. Find out the potential difference 
between the edges ofthe wings. What happens if wings be north-south then? [Hint : (In first case 
wings will cut B, and in second case neither B, or BV) (Give B, = 0.4 gauss and angle of dip at the 
place 60°)] 


Ans.: (i) 01.V, (ii) zero 
A conducting loop of area 5.0 cn? is placed in a magnetic field which varies sinosoudally with time as 


B =B, sin@t where B,=0.20 T and œ 300/s, such that the normal to the coil makes an angle of 
60° with the field. 


T 
Find (a) the maximum emf induced in the coil (b) the emfinduced at t = 5 S, 


Ans.: (a) 15 mV, (b) zero 

An air cored coil has a self inductance of 0.1 H. A soft iron core of relative permability 1000 is 
1 

introduced and the number of turns is reduced to To th of the previous value. Find the new value of 

selfinductance. 

Ans.: 1H 


In the given circuit, the resistance ‘R’ is equal to the resistance of L B, 
the coil that makes the inductance L, and the bulbs B, and B, are TILIL: & 
identical. (i) which ofthe bulbs lights up earlier when k is closed? 
(ii) Will the bulbs be equally bright after same time? Le | 
K 
|| + 
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10. 


11. 


12. 


13 


A conducting circular loop ofarea 1 mn? is placed coplanarly with a long, straight wire at a distance 
of20 cm from it. The straight wire carries an electric current which changes from 10A to zero in 0.1s. 
Find the average emf induced in the loop in 0.1 s. 


Ans.: 10°°V 


A uniform magnetic field B exists ina cylindrical region of radius 0.1 mas 
shown in the figure. A uniform wire of length 0.80 mand resistance 4.0 Q 
is bent into a square frame and is placed with one side along a diameter of 


the cylindrical region. If the magnetic field increases at a constant rate of 
0.010 TS”. Calculate the current induced in the frame. 
do, _ 1 2 dB 

dt 2 dt 


Ans.: 3.925 x 105A 


[Hint: le| = 


Figure shows a bar magnet M falling under gravity through an aircored coil C 





plot a graph showing the variation of induced emf 'g' with time ‘t’. What does 
the area enclosed by the g—t curve depict. 





Two coils mand n having 10 turns and 15 turns respectively are placed close to each other. When 
2A current is passing through coil m, then flux linked with coil n is 1.8x10~+ wb per turn. If3A current 
passed through coil n, then calculate the flux linked per turn of coil m. 


Ans.: 4.05 107 wb 


An alternating voltage v = 200 sin 300t is applied across a series combination of R= 10 Q and L = 
800 mH. Calculate (i) impedance of the circuit (ii) peak current in the circuit and (iii) power factor of 
the circuit. 


Ans.: (i) 240.2 Q (ii) 0.83 A (iii) 0.041 


When and inductor L and a resistor R in series are connected across a 12 V—50 Hz supply, a current 


of 0.5A flows through the circuit. The current differs in phase from the applied voltage by 3 radian. 
Calculate the value ofL and R. 
Ans.: 0.066 H (ii) 23 Q 


An alternating emf 110V is applied to a circuit containing a resistance of40 Q and an inductance L 
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4 
of the circuit and current in the circuit. IfL = 0.1 H. Find the frequency of applied emf. 


3 
in series. The current lags behind the emfby an angle tar! (3) . Find the inductive reatance, impedance 


The voltage ¢ and current i ofan alternating source are represented by 

g= 100sin( on 4) and i= sino +z) 
Dtermine the phase difference between ¢ and i and impedance ofthe circuit. 
Ans A= z=2Q 


In the given LCR series circuit fed by 200V—50Hz a.c. mains. Find (i) current in the circuit (ii) value 
of inductor L (iii) value of capacitor C and (iv) value of C (for same L) to have power factor of the 
circuit unity. 





220V, 50Hz 


Ans.: (i) 0.65A, (ii) 1H, (iii) 5 uF (iv) 10 uF 
A 80 V, 600 W heater is to be operated on a 100V—50Hz supply. Calculate the inductance of the 
choke required. 


Ans.: 0.02H 


A current of 4A flows ina coil when connected to 12V dV source. Ifthe same coil is connected to 
a 12V, 50 rad/s a.c. source, a current of 2.4 A flows in the circuit. Determine the inductance of the 


coil. Also find the power developed in the circuit ifa 2500 uF capacitor is connected in series with 
the coil. 


Ans.: 0.08H, 17.28W 


An LCR circuit has L= 10mH, R=3 Q and C= 1 uF connected in series to a source 15 cos œt 
volt. Calculate the current amplitude and average power dissipated per cycle at a frequency 10% 
lower than the resonant frequency. 


Ans.: 0.744A, 0.744W 
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19. 


20. 


A step down transformer having a power output of 10 kW and efficiency of 90% downs the voltage 
from 11 kV to 220 V. Find the number of turns in the primary ifthe secondary has 100 turns and the 
current in the primary. 


Ans.: 5000, 1.01 A 


An a.c. source of internal resistance 9000 Q is is to supply current to a load resistor of 10 Q . Find 
the ratio of the currents passing through the load and the source? 


[Hint : V,i, = V į Also if transformer is ideal then power dilivered is constant i.e. R, = R, ] 


Ans.: 30 
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QUESTION BANK 


469 


UDOON 


Key Learning Points 
1. | The magnetic flux through a surface ofarea A, placed in a uniform magnetic field B is defined as 
, = B.A =BAcos0 


where Q is the angle between B and the normal to the plane of the area. 


2. The emf, induced in a coil of N turns, is directly proportional to the rate of change of magnetic flux 
through it 


nibs 
dt 


c=- 


where b, is the flux linked with one turn. The negative sign indicates that polarity ofinduced emfis 
such that it opposes its own cause. 


3. When a metal rod oflength ¢ is placed normal, to a uniform magnetic field B, and moved with 
velocity V, perpendicular to the field, the emfinduced (Motional emf) across its ends is g = BV£ . 


4. Forarodrotating about its one end, in a uniform magnetic filed, about an axis perpendicular to the 
1 
rod, with the magnetic field parallel to the axis, the emfinduced between its two ends, € = 7 Bo, 
5. Changing magnetic fields can set up current loops in nearby metal bodies. They dissipate electrical 
energy as heat. Such currens are called eddy currents. 
6. When a current ina coil changes, it induces back emfin the same coil. The selfinduced emfis given 


by 


e==L di 
dt 
where L is the self inductance of the coil. 


7. The selfinductance (or inductancee) ofa long (ideal) solenoid (the core of which has a permability) 
is given by L= p1,u,n°A¢ . Here Ais the cross-section area of the solenoid ¢ its length and ‘n’ the 
number of turns per unit length. 


8. A changing current, in one coil, can induce an emf in another (nearly) coil. The emf induced, in the 


di ; 
second coil, in given by €, =M, aE . Here M, = M,, = M is called the mutual inductance 
between the two coils. 


For two coaxial (long) solenoids placed such that one is completely placed well inside the other, the 
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mutual inductance is given by 
2 
M = pop, n,n mre 


where n, and n, are the number of turns, per unit length, in the two coils. The coils have a radius r and 
alength 'p'. 


When a coil, of N turns, and area A, is rotated, at v revolutions per second, in a uniform magnetic 
field B, then the emf induced is given by 


e = NBA2nvsin(2nvt) 


Here, at t = 0, the coil is considered tobe perpendicular to the field. This is the working principle of 
an a.c generator. 


The mean, or average, value ofan alternating voltage (or current) over a complete cycle is zero. Over 
ahalfcycle, the mean value is 63.7% of its peak value. 


(igy) Half cycle = 9 = 0.6371, 
T 
The r.m.s value of current is given by 
io 


ig =—% =0.707i, 


rms 


S 


V 
Similarly Vins = Wa =0.707 v, 


An alternating voltage (v =v, sin at) , applied to a pure resistor R, drives a current, i =i, sin wt, 


. v 
where 1) = ma . The current is in phase with the applied voltage. 


was T 
An a.c voltage, v = v, sin wt, applied to a pure inductor, drives a current 1 = 1 Sin [o t- z) where 


._ v 
y= = . Here x, (=@L), is called inductive reactance. The current in the inductor lags behind the 
L 


T 
voltage by z The average power supplied to a pure inductor over a complete cycle is zero. 


An a.c voltage, v=v,sinwt, applied to pure capacitor, drives a current in the capacitor, 


E T . Vo 1 j a 
1=1) sin{ ot] , where 40 = 4 Here Xc (- +) is called the capacitive reactance. The 
è 
T 
. 2 
capacitor, over a complete cycle, is zero. 


current through the capacitor is = ahead ofthe applied voltage. Average power, supplied to a pure 
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15. 


16. 


17. 


18. 


19. 


Inaseries LCR circuit, ifa voltage (v =v, sin ot) , is applied, then current in the circuit is given by 





i=i,sin(@tF) where i, = Yo. Here (- R? +(x, -Xc 7) is called the impedance of the 
Z 
circuit. The phase angle, between the voltage and current, is  . Here $= tan” (xL=Xc) : 


Case (i): x, <x, 


or 0> 


1 1 
——, 0> or | or = —— 
VLC | Tr) 


Inductive effect dominates in the circuit. Voltage leads the current by phase angle ọ. 
Case (ii): x, > X, 
1 
o> —— 
or VLC P (@ < or) 


Capacitive effect dominates in the circuit. Current leads the voltage by phase angle o . 


An interesting characterstics ofa series LCR circuit is the phenomenon of resonance. (x, =x,,.). The 
circuit exhibits resonance at the (angular) frequency % > ra . The impedance of the circuit is 
minimum. The amplitude of the current is maximum at resonance. At resonance, maximum power is 
supplied to the series LCR circuit. 


The quality factor, Q is defined as 


ook! -LE 
R CR RVC 


‘Q’ is an indicator of the sharpness of the (i) vs (œ) curve around its resonance value. 





The average power dissipation, or loss ofpower over a complete cycle, is given by 


P, =Vims i COSO 


The term, cos ¢ is called the power factor. For pure resistive circuit, cos is unity. For pure 


reactance (Pure L or pure L), the cos ġ termis zero. 


In pure inductive, or capacitive or a series (LC) circuit, the power factor, cos p, is zero. Hence no 
power is dissipated even though current is flowing in the circuit. In such cases current is referred as 
a ‘wattlless current’. 
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A transformer consists ofan iron core on which are bound a primary coil of N, turns and a secondary 
coil of N, tunrs. Ifthe primary coil is connected to an a.c cource the primary and secondary voltages 
are related by 


we Shy, 
P 


The currents are related by 


N 
=|= 


In step up transformer N, > N, 


and in step down transformer N, < N, 
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Unit—14 : Electromagnetic Induction and Alternating Currents 
Easy Self Induction 


1. When the current in a coil changes from +2A to—2A in 0.05 second, an emf of 8V is induced 
in a coil. The coefficient of self induction of the coil is: 


(1) 01H (Correct) 
(2) 02H (Incorrect) 
(3) 04H (Incorrect) 
(4) 08H (Incorrect) 


Correct answer: (1) 





Solution: 

di 
e=-L— 

dt 

-2-2 
b6=—-L ( ) 
0.5 
>L=0.1H 


Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Induced emf 


2. A conducting circular loop is placed in a uniform magnetic field B = 0.25 T, with its plane 
perpendicular to the field. The radius of the loop is made to shrink at a constant rate of 1 
mm/s. The induced emf, when the radius is 2 cm, would be 


(1) (z) HV (Incorrect) 
(2) (x)pV (Correct) 
(3) (27) uV (Incorrect) 
(4) (2 > ) TV (Incorrect) 


Correct answer: (2) 
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Solution: 
l= Se 
dt 
-£ (Brr?) 
dt 
dr 
— Br(2r) 
n(2r) a 


= 0.025x mx 2x 2x10? x(1x10*) 


=7x10° uV 


=(n) uV 
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Unit—14 : Electromagnetic Induction and Alternating Currents 


Difficult 


Change in Magnetic Flux 


x 
3. A magnetic field, directed along z axis, varies as B=B, P . where a is a positive constant. 


A square loop (of side ¢ ), made of copper, is placed with its edges parallel to the x and y 
axes. If the loop is made to move with a constant velocity Vo directed along x axis; the emf 


induced in it, would be 
g? 
(1) Bo Vo — 
a 
2) B,Voé 
(3) BV a 
0'0 2a 
P 
(4) Bo Vo 2 
a 


Correct answer: (2) 
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(Correct) 


(Incorrect) 


(Incorrect) 


(Incorrect) 
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Solution: 
We have, 


dp =BdA 
=BdA (where dA = fdx) 


4 
Initial total flux b = fag 
0 


initin g 


£ 











_ B, of dx = Bo" x” 
a. a |2|, 
Be 
2a 


In one second the loop covers a distance of V „ so that the final flux can be found by integrating do 


between V, and (V, +4). 


This flux comes out to be l 


=> Change in flux b= 





BV% F Bf 
a 2a 


B, VE : Bf 
a 2a 





Qinitial 7 


B, V% 





Unit-14 : Electromagnetic Induction and Alternating Currents 


Difficult Induced emf 


4. 


A conducting ring, of radius r, is placed in a varying magnetic field perpendicular to the 
plane of the ring. If the rate at which the magnetic field, varies, is x, the (average) electric 
field intensity, at any point of the ring, would be 


(1) rx (Incorrect) 
rx 
(2) = (Correct) 
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(3) 2rx (Incorrect) 
4r 
(4) P (Incorrect) 


Correct answer: (2) 
Solution: 


Let E be the field strength at any point on the circumference ofthe ring. Then, the emf induced 


e= Ed =E2nr “a (1) 
d dB 
Also induced emf le| J ip =m — 
dt dt 
ee (2) 
From (1) and (2) 
p=% 
2 


Unit—14 : Electromagnetic Induction and Alternating Currents 
Difficult Power Loss 
5. Magnetic flux, through a stationary loop, with a resistance R, varies during the time internal 


'c',as b= at(t—t) where a is a constant. The amount of of heat generated in the loop, 


during time internal, q, would be 


23 














1 Incorrect 
(1) SR (Incorrect) 
2 1 Incorrect 
2) AR (Incorrect) 
3 T Correct 
6) 3R aa 
4 a Incorrect 
(4) oR (Incorrect) 


Correct answer: (3) 
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Solution: 


We have, b, =att+at? (given) 


do, 


=at—2at 
t 





Instantaneous || = 


l 





RNE E€ 
Instantaneous power loss / dissipation = y 





(at-2at)? 
R 


= H=|Pat 
0 


(at—2at)’ i 
(3-2a) 


a 
R 








T 


(at - 2at)’ 
- 6aR 








at 





Unit—14 : Electromagnetic Induction and Alternating Currents 


Average 


Self Induction 


6. The current, through a coil of self inductance. L = 2mH, is given by I=t’e“ at time t. The 


time taken, to make the induced emf zero, will be 


(1) 1S 
(2) 28 
3) 3S 
(4) 48 


Correct answer: (2) 


(Incorrect) 
(Correct) 
(Incorrect) 


(Incorrect) 


Solution: 


di 


dt 


We want to have le| =L—=0 


d (io 
L— =0 
= Li (ve) 
=>-t’e'+2te'=0 
=> te'(-t+2)=0 


>t=2s 
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Unit—14 : Electromagnetic Induction and Alternating Currents 


Difficult 


Induced emf 


7. The magnetic flux >, through a stationary loop of wire, having a resistance R, varies with 


time as > =(at?+ bt) where a and b are positive constants. The average emf, and the total 


charge flowing in the loop in the time interval t = 0 to t= t, would be equal, respectively, to 





at + =) 


T 














Correct answer: (1) 


Solution: 


We have le| = = =2at+b 


(Correct) 


(Incorrect) 


(Incorrect) 


(Incorrect) 
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T 


flelat 


0 


€ = 
average cÍ dt 


0 


T 


at” +bt 
t 














0 


at’ +bt 
_ =at+b 





T 


Ap _ at’ +bt 
R R 





q= fit = 
0 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Average 


LC Oscillations 


8. An LC circuit contains a 20 mH inductor, and a 50 uF capacitor, of the circuit is negligible. 
Let the instant, the circuit is closed, be t = 0. The (first instant of) time, at which energy 


stored would be completely magnetic, is 


Gd) t=0 

(2) t=1.57ms 
(3) t=3.14ms 
(4) t=6.28ms 


Correct answer: (2) 


Solution: 


T 
Total energy, ina LC circuit, is completely magnetic (at first) at t = 7 


Here T=2nVLC o- 


=2x3.14V50x10° x 20x10" s 


=2x3.14V10° s 


(Incorrect) 
(Correct) 
(Incorrect) 


(Incorrect) 
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= 6.28 ms 


T 4 Sins 
4 


Unit—14 : Electromagnetic Induction and Alternating Currents 
Easy Induced emf due to Change in Orientation 


9. A rectangular coil, of 300 turns, has an average area of 25 cmx10 cm. The coil rotates, with 
a speed of 50 cycles per second, in a uniform magnetic field of 4x10°T, about an axis 
perpendicular to the field. The peak value of induced emf (in volt), is 


(1) 37 (Incorrect) 
(2) 307 (Correct) 
(3) 300r (Incorrect) 
(4) 30007 (Incorrect) 


Correct answer: (2) 


Solution: 


£, = NBAw 
= (300x4 107 x250x10 x 2nx50)V 
=(307) Volt 
Unit—14 : Electromagnetic Induction and Alternating Currents 


Easy Change in Magnetic Flux / Lenz's Law 


10. Two identical coaxial coils, P and Q, carrying equal amount of current, in the same direction, 
are brought nearer. The current in 


(1) P increases while in Q decreases (Incorrect) 
(2) Q increases while in P decreases (Incorrect) 
(3) both P and Q increases (Incorrect) 
(4) both P and Q decreases (Correct) 


Correct answer: (4) 
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Solution: 


When both the coils are brought closer. The linked magnetic flux, increases for both of then. Hence 
induced current (set up in then) will try to decreases the flux (as per Lenz’s law). Hence current in both the 


coils will decrease. 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Easy 


Induced emf 


11. A 50 turns circular coil has as average a radius of 3 cm. It is kept in a magnetic field acting 
normal to the area of the coil. The magnetic field B is increased from (0.10 T) to (0.35 T) in 


2 ms. The average induced emf in the coil, would be 


(1) 0.177V 
(2) 1.77V 
3) 17.7V 
(4) 177V 


Correct answer: (3) 
Solution: 


Change in magnetic flux, linking the coil, is 


dp, = (NA cos 0° )(dB) 
=50x3.14x(3x107) (0.35-0.10) Weber 


dos 


<. Induced emf le| = dt 


50x3.14x(3x107) (0.35-0.10) 
2x10" 





50x3.14x9x 0.25107 x10° y 
~ 2 





=17.7V 
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Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Induced emf 


12. A conducting circular loop is placed in a uniform magnetic filed (ofinduction ‘B’tesla), with 
its plane normal to the field. If the radius of the loop were to start shrinking at a constant 


dr 
rate at . The induced emf, at the instant when its radius is ‘r’, would be 


a 
x 
| 
a 
ial 
ve] 
fo ——_ 
ejs 
=|s 
inana 


( (Incorrect) 
Q) 2B (=) (Correct) 
@) —mr°B í z) B (Incorrect) 
4 - mB (z) B (Incorrect) 


Correct answer: (2) 
Solution: 


The magnetic flux, linking the loop, (when its radius is r) is 


þ-B.A = BA cos0° 
= B(xr’) 


<. The emf, induced at this instant is 
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Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Motion of a Conductor in Magnetic Field 
13. A conducting rod of length L lies along the y—axis with one end at origin and the other end 


at (0, L, 0). There is a magnetic field B = B,yk in that region. If the rod moves with a 


velocity V = Vi, the e.m.f induced between the ends of the rod will be 


BVL 











D == 5 : (Incorrect) 
(2) BNE (Correct) 
(3) B,V,Ld (Incorrect) 
(4) BNE (Incorrect) 


Correct answer: (2) 
Solution: 


The induced emf, across a small element dy ofthe rod is 
de=(Byy)(dy)V,  [-. e=BV¢] 


<. The induced emfacross the rod of length L will be 


e= f@,y)(ay)y, 


L 
= B,V, | ydy 
0 
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Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Induced emf and Current 


14. The magnetic flux, through a circular coil of resistance R, changes by an amount Ad ina 
time At. Then the total quantity of electric charge ‘Q’, that passes any point in the coil, 
during the time At, is represented by 


(1) Q= =~ (Incorrect) 
2) Q= = (Incorrect) 
6) Q= — (Incorrect) 
(4) Q= -^t (Correct) 


Correct answer: (4) 
Solution: 
The induced emfin the coil will be given by 


at 
dt 


E 1 Ao 
R R At 





Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Induced Current 


15. A cylindrical bar magnet is rotated about its axis as shown in the diagram. One end of a 
wire is connected to apoint on the axis and its other end is made to touch the cylindrical 
surface through an ammeter. We would then observe 
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(1) 
(2) 
(3) 
(4) 





That a direct current flowing in the ammeter A (Incorrect) 
That no current flows through the ammeter A (Correct) 
That an alternating simusoidal current flows through the ammeter A (Incorrect) 
Atime varying, non-simusoidal, current flows through the ammeter A (Incorrect) 


Correct answer: (2) 


Solution: 


As there is no change in the magnetic flux linked with the circuit, no emf gets induced in the circuit. The 
ammeter ‘A’ would, therefore, not show any deflection. 


Average 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Induced emf and Current 


16. A magnet NS is suspended from a spring. While it oscillates simple harmonically, it moves 
in and out a coil ‘C’. The coil is connected to a galvanometer G. 





As the magnet oscillates (Simple harmonically) 
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(1) G shows no deflection at all (Incorrect) 


(2) G shows deflection, alternately, to the left and right, but its amplitude keeps on changing 
(Correct) 


(3) G shows deflection, alternately, to the left and right, witha constant amplitude (Incorrect) 
(4) Gshowsa deflection on one side only (Incorrect) 
Correct answer: (2) 
Solution: 


As the magnet moves in and out of the coil, there is a continuous change in the magnetic flux linked with the 
coil. The flux first increases (as magnet moves in) and then decreases (as magnet moves out). Hence the 
induced emfkeeps on changing. 


-W 
dt 
d 
The motion ofthe magnet is S.H.M. (an accelerated motion). Hence ha would not be a constant, hence 
—= varies 
dt : 


Unit-14 : Electromagnetic Induction and Alternating Currents 
Difficult Magnetic Flux 
17. A loop, made of straight edges has six corners: at A (0, 0, 0), B (L, 0, 0), C (L, L, 0), D (0, L, 
0) E (0, L, L) and F (0, 0, L). A uniform magnetic field, B = B, (i+k) is present in the 
region. The magnetic flux, linking the whole loop ((ABCDEFA’) is 


(1) B,L’wb (Incorrect) 
(2) 2B,L’*wb (Correct) 
(3) V2B,V wb (Incorrect) 
(4) 4B,L*wb (Incorrect) 


Correct answer: (2) 
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Solution: 


Given B=B, (i+k) 


The area vector of part ABCD is HAO; Ee) 






A B (L, O, O) 


A =Ľ’k (0,0,0) 
and that of part DEFA is zZ (0,0,L) 
A,=Lk 


Total flux linking to the loop will be 


>=B(A, +A,) 


=[B, (i+k) fv (i+k)| 
=B (1+0+0+1) 
=2B L? 


Unit-14 : Electromagnetic Induction and Alternating Currents 
Average Induced emf 


18. A conducting wire xy, of mass m, (and negligible resistance) 
slides smoothly on two parallel conducting wires asshown in the 
diagram. The closed circuit has resistance ‘R’ due to side AC. 
Sides AB and CD are perfect conductors. If a time varying 





magnetic field B = B(t)k, is present over a large region, the 


acceleration of the wire xy will be 











ap 
() mR \ dt (Incorrect) 
CB dx lB dB 
t 
0) mR dt mR dt (=( )) (Incorrect) 
3 CB dx CB dB S(t) eee 
6) mR dt mR dt (Correct) 
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CB dx CB a ) 
mR dt mR dt 





(4) (Incorrect) 


Correct answer: (3) 
Solution: 
Let, at time t, the wire xy wire be at x =x (t). 
The magnetic flux associated with the area ACY XA, (at time t) will be 
o=BA 
=B(t)[¢r(1)] 
This magnetic flux changes with time due to two reasons. There are: 
(i) The change of the magnetic field itself with time. 


(ii) | The motion of the wire on the rods. 


We can, therefore, write 


ah 
dt 


-|Broj [Boto] ved (1) 


The force, on wire xy, at this instant, will be 


e=- 


F=iBé 
E€ 
=—Bé 2 
R 2) 


From (1) & (2), we get 


F=ma =| 2 s(t) (0). 








LB dB 
a= ( 
mR dt 





t) CP? dx 
mR dt 
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Unit—14 : Electromagnetic Induction and Alternating Currents 


Average Motion of a Conductor in Uniform Magnetic Field 


19. In a uniform magnetic field of induction B, a wire, in the form of semicircular of radius ‘R’, 
rotates about the diameter of the circle with an angular speed 'œ'. The axis of rotation is 


perpendicular to the field. If the total resistance of the circuit is R’, the near power generated 


per period of rotation is 


a BrR’*o 
) 2R' 
2 2 
i (BrR’ a) 
8R' 
BrRo) 
(3) E 
8R 
BnR’ œo 
4 LAT 
(4) BR 


Correct answer: (2) 


Solution: 





2 
We have $= BAcos0= (27 Joos 











<. Induced emf, € 


dọ d ( BnR? cosat 
dt 2 


D BrR’osin ot 
2 


g ( BrR 2 (0) y 
<. Instantaneous power generated =a e 
R' 4R' 


sin“ ot 


The average value of sin? œt , over one complete cycle, is 5: 


(BnR70) 
~<. Average power over one cycle = an 
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Unit—14 : Electromagnetic Induction and Alternating Currents 


Average Motion of a Conductor in Uniform Magnetic Field 


20. A straight rod PQ, of length L, is rotating about an axis passing through ‘O’ and perpendicular 
to its plane. The rod rotates in a uniform (and normal) magnetic field B, with an angular 


L 
speed œ (The piont ‘O’ is at a perpendicular distance 3 from P). The potential difference 


between P and Q, would be the equal to 


i Bol’ 
(1) ge 
Bol’ 
2 SEITE 
(2) ri 
à Bol’ 
(3) a 
4 | est? 
(4) 7 


Correct answer: (1) 


Solution: 


(Correct) 


(Incorrect) 


(Incorrect) 


(Incorrect) 


1 2 
The potential difference,between two ends ofa rod, confined at one end, is given by 5 BoL’ 


(L = distance of the other end from the confined end) 


1 2LV 
V -Vo =—Bo| — 
e ° 2 S) 


1, (LY 
and Vp-Vo = 3 B0( =) 





1, 72/4 1 
(Vo v,)=4Bor:(4 >) 


_ Bol’ 
6 
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Unit—14 : Electromagnetic Induction and Alternating Currents 
Difficult Induced emf 


21. A thin semicircular conducting ring, of radius R, in falling with its 
plane vertical in a uniform horizontal magnetic field of strength B. 
At the position MNQ the speed of the ring is V. The potential xx 
difference, developed across the ring, would than be 


M Q 
1 
(1) A BVR? with Mat highter potential (Incorrect) 
(2) nRBV ,withQ at higher potential (Incorrect) 
(3) 2RBV, with Q at higher potential (Correct) 
(4) 2R°BV, with M at higher potential (Incorrect) 


Correct answer: (3) 
Solution: 


Rate of decrease of area, of the semicircular ring, in the magnetic field, for the position MNQ, will be 


dA 
TA (2R) V 
dt (2R) 
dp BdA 
= 20A L B(2RV 
Now |e|= 3 =—G, = BQRY) 


As per Lenz’s law, the induced current in the ring must produce magnetic field directed ‘outwards’. Thus 
Q must be at a higher potential (so as to send the required anticlockwise (induced) current in the ring). 


Unit—14 : Electromagnetic Induction and Alternating Currents 
Easy Self Induction 


22. A conducting coil of 600 turns has a self inductance of 108 mH. The self inductance of a 
second identical coil, having of 500 turns, will be 


(1) 75mH (Correct) 
(2) 90mH (Incorrect) 
(3) 130mH (Incorrect) 
(4) 155mH (Incorrect) 
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Correct answer: (1) 
Solution: 


We know that 


t= HNA 


=>LaN (for identical coils) 


-25 ioeiel 
36 


=75 mH 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Average Self Induction 


23. The current ‘i’, in a coil of self inductance '/' varies with time as shown in figure (1). The 


variation of the induced emf '¢' with time would than be represented by the graph labelled 
as graph 
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(1) 
(2) 
(3) 
(4) 


Correct answer: (1) 


Solution: 


We have Einduced = 


During 0 to 


; T 
For time — < t < —— = 


4 


> 





E€ 


Hence g, 


A 
B 
C 
D 


induced | 7 


induced 





= 


(Correct) 
(Incorrect) 
(Incorrect) 


(Incorrect) 


is positive and constant (=i,L). 


is again a constant (=—i,). 


i 
7a è constant, as (i—t) graph is a straight line with positive slope (=1,). Hence E;paucoa 1S 
negative and constant (=(~,L)). 


Unit-14 : Electromagnetic Induction and Alternating Currents 


Average 


Self Induction 


24. A (solenoid) coil is wound on a core of square cross-section. If all the linear dimensions of 
core are increased 2 times, but the number of turns per unit length of the coil, remains 


same, the self inductance would increases by a factor of 
2 
4 
8 
16 


(1) 
(2) 
(3) 
(4) 


Correct answer: (3) 
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(Incorrect) 
(Correct) 


(Incorrect) 


Solution: 


The self inductance of the coil is given by 


L= p,n’ ALl 


For a square core 4 = /? 


>La 


pa 


2 


L, 


(2) =8 


The selfinductance, therefore, increases by a factor of 8. 
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Unit—14 : Electromagnetic Induction and Alternating Currents 


Mutual Induction 


25. A pair of (insulated) coils having of n, and n, tunrs, are kept close together. When the 
current, passing through the first, is reduced at a rate r, an emf of 3mV is developed across 
the other coil. If the second coil were to carry a current which gets reduced at a rate 21, 
then induced emf developed across the first coil will be 


(1) 
(2) 
G) 
(4) 


1.5mV 
2.0 mV 
3mV 
6mV 


Correct answer: (4) 


Solution: 


Induced emf, due to mutual induction between in two coils, is given by 


di 
We are given that £, = M,, T =3mV 


_ 3mV 





21 (r) 
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(Correct) 
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We know that M „= M,, 





&=M, i 


LY 





Unit—14 : Electromagnetic Induction and Alternating Currents 


Average 


Mutual Induction 


26. The coefficient of mutual inductance of two circuits A and B is 3 mH and their respective 
resistances are 100 hm and 4 ohm. How much should the currents change, in 0.02 second, 
in circuit A, so that an induced current 0.006 ampere flows through the circuit B? 


(1) 0.16A 
(2) 018A 
(3) 0.24A 
(4) 1.6A 


Correct answer: (1) 
Solution: 

We have 

di, 


=M 
le» dt 





. di 
cama 3 


=M 


=> 0.006x4 = 
0.02 


48x10% 


=a =10x107 
x 


> di 





A 


=0.16A 


(3x10°)xdi, 
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Unit—14 : Electromagnetic Induction and Alternating Currents 


Average Mutual Induction 


27. Consider two coplanar, co-centric circular coils having radii r, and r, (r, > r,) as shown in 
the figure. The mutual inductance between these two coils will be 


5 


Hont 
(1) “Or, (Correct) 
OS. (Incorrect) 
correc 
2r, 
rues 
(3) 25, (Incorrect) 
2 
Uont, 
(4) ear (Incorrect) 
qT, 


Correct answer: (1) 
Solution: 


We will consider the bigger coil as the primary coil. In the expression 
; =B,.As 
we put the value of B at the centre of the bigger coil. 


Hol 
+ 4-[ Ba 


D 


>ọ [e } 


21, 
But b = MI 
wa both 
21, 
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Unit—14 : Electromagnetic Induction and Alternating Currents 
Difficult Mutual Induction 


28. A small square loop of wire, of side 7 , is placed inside a large square loop of wire of side L 
(L>> ¢). The loops are coplanar and their centres coincide. The mutual inductance of the 
system is proportional to 





l 
D I (Incorrect) 
2 d (Correct) 
(2) L orrec 
l 
(3) L (Incorrect) 
Vv 
(4) ra (Incorrect) 


Correct answer: (2) 
Solution: 


The bigger loop may be taken as primary coil and the smaller one as the secondary coil. (We need to use 
the expressions for the magnetic field due to a finite wire). The bigger coil can be considered as equivalent 
to four current carrying long wires. All these wires, it can be seen produce magnetic fields in the same 
sense. Hence net magnetic field at the centre, will be 





By =4-% (sin 45° +sin 45°) 
4nR 


= 2V mi E HereR = E) 


TL 


The flux, linked with the smaller loop, will be 
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dMi te (1) 


Also b; = partes (AA,)) 


We can assume the magnetic field to b constant over the whole area of the smaller loop. 


242 pix! 
ore. p <2N2 Bai? wal (2) 
nL 


From (1) & (2), we get 


M= 242 Ho e 
m L 
2 
M œ 1A 
L 
Unit-14 : Electromagnetic Induction and Alternating Currents 
Easy Self + Mutual Induction 


29. Two (insulated) coils are wound, (one over the other), on a solenoid core. If the number of 
turns, per unit length, of the first ciol and of the second coil, were to be increased by a 
factors of 3 and 4, respectively, the self inductance of the two coils (L, and L,) and their 
mutual inductance (M), would increase (respectively) by factors of 


(1) 3,4and 12 (Incorrect) 
4 
(2) 3,4and 3 (Incorrect) 
16 
(3) 9, 16 and y (Incorrect) 
(4) 9,16and 12 (Correct) 


Correct answer: (4) 
Solution: 


We know that the self inductance, ofa solenoidal coil, is proportional to n? (n = number of turns per unit 
length). 


Hence the self inductances, of the two coils will increase by factors of 3” and 4°, i.e. 9 and 16. 
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The mutual inductance of the two solenoid coils (one over the other) is proportional to the product n,n, (n,, 
n, are the number of turns per unit length in the two coils). 


Hence M, in the given case, would increase by a factor of 34, i.e. (12). 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Average Energy Associated with an Inductor 


N 
30. A spring, of spring constant 100 M?’ is compressed through a distance of 4cm. The potential 


energy, stored in this compressed spring, equals the work done, by the ‘source’, in 
establishing a current of 2A in a given coil. 


The self inductance of the coil equals 


(1) 20mH (Incorrect) 
(2) 40mH (Correct) 
(3) 60mH (Incorrect) 
(4) 80mH (Incorrect) 


Correct answer: (2) 


Solution: 


Lo 
The P.E., ofa compressed spring = a 


(k = spring constant; x = distance through which the spring has been compressed). 


The work, needed to be done, to establish a current I, in a coil of selfinductance L, equals 


wali” 
2 


We, therefore, have 

dpe 

2 2 
kx? 100x(4x107)’ 
r 2 b 








= SOE H = 40x10°H =40mH 
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Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Induced emf 


31. A circular ciol, of average radius R, having N turns and carrying a current I, is set-up, 
horizontally with its plane in the x-y plane and its axis along the z-axis, so shown. 
A small rectangular lamina of sides Ag and Ab, is set up with its centre on the z-axis and 
its plane parallel to the xy plane. If this lamina is flipped over through an angle 7, in time 
At , the magnitude of the emf, momentairly induced, in it, would equal (nearly) 











(1) zero (Incorrect) 
(Aa)(Ab) Hol 

(2) At N (R) (Incorrect) 
(Aa) (Ab) | pR’I 

(3) At ( R? +z? y (Correct) 
(D (Aa)(ab) pR? 

(4) 2At ( R? +z? y (Incorrect) 


Correct answer: (3) 
Solution: 
The magnetic field, due to the current carrying circular coil, at the centre of the rectangular lamina 
N R’I 
ae rer 4 
(R742?) 


The field can be assumed to have this (nearly) constant magnitude all over the plane of the small lamina. 
Hence the change in flux throughit, when it is ‘flipped over’ is 


R71 


Ho 
Ad| =2.(Aa4b).N = 
pile) 2 (R? +2? 


i 
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<. Magnitude of emfinduced = 


Average 





Nu, R71 
(R? +z i 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Induced Current 


32. A rod, PQ, of length 7, slides with a constant velocity on two conducting rails. The system 
of the rod and conducting rails, is present in a region where a uniform (normal) magnetic 
field, of strength B, is present. The two ends of the rod PQ, (rod’s resistance = R) are 
joined to the wheatstone bridge, abcd, shown here. If the current in the arms and and dc, of 


the wheatstone bridge, equals i» the velocity, v, of the sliding rod, equals 


(1) 


(2) 


(3) 


(4) 


16Ri, 
3B/ 





16Ri, 
Be 





BE 
(16Ri, ) 





3B 
(16Ri,) 





Correct answer: (1) 


Solution: 





(Correct) 


(Incorrect) 


(Incorrect) 


(Incorrect) 


The emf, induced in the rod, equal B/y where, v, is the (constant) velocity of the sliding rod. 


The wheatstone bridge, abcd, as shown is a balanced bridge. Its equivalent resistance, r, is given by 


1 


1 





r (6R+6R) (2R+2R) 
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This givesr=3R 
The total resistance of the circuit is, therefore (R+3R) =4R 


iy 


Bé 
<. The induced current, in rod PQ, equals aR 


1 3 
In the wheatstone bridge, the part, i, going into the arms (ad and (dc), is aor x ir | , (i.e.) 7 


ofthis current. 


H i 3 BW 
ence to 4 4R 


16Ri, 
3B/ 





This given V = 


Unit-14 : Electromagnetic Induction and Alternating Currents 
Average Force due to Induced Current 


33. The set-up, shown in the figure, is present in a uniform magnetic field, Ba 
B, directed perpendicular to the plane of this ‘set-up’. The rod, PQ, of i 
length L, is allowed to slide down vertically, under its own weight, on B 
the (shaded) conducting rods. The terminal velocity, acquired by the 
sliding rod (of mass m), would equal 





A NTT 














m’g’R 
(1) Bi (Incorrect) 
Bé 
2) {a> eR (Incorrect) 
Be? 
(3) mgR (Incorrect) 
mgR 
(4) Be? (Correct) 


Correct answer: (4) 
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Solution: 


As the rod PQ slides down, the magnitude of the induced emf, in it, at an instant when its velocity is v, 


tv 
ae flows init. Because of this induced current, the 


equals B/y . Due to this an induced current i [- R 


2 92 





sliding rod experiences an (mg). This (upward) force equals Bil = =, When this upward force 


becomes equal to the weight of the sliding rod, the net force on the rod becomes zero and the rod, 
subsequently, slides down with a constant velocity, v, its terminal velocity. We thus have 


Bee 
R 


mgR 
or Vr = Be 


Unit—14 : Electromagnetic Induction and Alternating Currents 





V: =mg 





Average Induced Charge Flow 


34. A small coil, having n turns each of (everage) radius r, is held normal to the magnetic field 
liens in the region between the (flat) pole pieces of a horse shoe magnet. The terminals 
ofthe coil are connected to a special galvanometer that can measure the total charge fleming 
in the circuit. The coil is taken out of the field region in a (small) time At and it is observed 
that a charge Q flows through the coil-galvanometer circuit. 


The graph that best shows the dependence of the charge flowing (Q) on the time of withdrawl 
(At) of the coil (from the region of the magnetic field), is the graph labelled as graph. 


Q L 
l 
At —> At —> 
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dq) K (Correct) 

(2) L (Incorrect) 
(3) M (Incorrect) 
(4) N (Incorrect) 


Correct answer: (1) 
Solution: 
Let B be the strength of the magnetic field between the poles of the horse shoes magnet. The magnetic flux, 
linked with the small coil, when it is present in the field region, is 
d= (B.nr’ ) n 


The linked magnetic flux becomes zero when it is withdrawn from the field. The instantaneous induced emf, 
would be 


dọ 
dt 


== 


€ 
The instantaneous induced current (k) is R where R is the resistance of the coil-galvanometer circuit. The 
total charge flowing is given by 
-nr’n i dB 
R + dt 


dt 





At 
Q= fidt= 
0 





Q, therefore, does not depend on At . This is shown in graph K. 


Unit-14 : Electromagnetic Induction and Alternating Currents 
Average Self Inductance of a Solenoid 


35. A solenoid, having a total of N turns, of insulated wire, would uniformly on an iron core has 
a (long) length a and a radius r (r << L). The total flux, linked with its cross section, when a 


current I flows through it, equals ọ. The relative permeability (u) of iron and the self 


inductance, L, of the solenoid, expressed in terms, ofits dimensions and ọ, I and u,, would 


then equal (nearly) respectively 
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(1) (e = we) and g = 2) (Incorrect) 
(2) (e - | ana (L=) (Correct) 
G) w= E3 and f = 2) (Incorrect) 
(4) p (Bi) and L=(54) (Incorrect) 


Correct answer: (2) 
Solution: 


The magnetic field, B, along the axis of this (long) solenoid, equals 


N.I 
B = uo u, — 
a 


The flux, ¢, linked with its cross section, is given by 
b= Bar 
a 


We also have 
o=LI 


We thus get 


ar 
(u).N?.nr'1) 


nr’ b 
and L= feon a2 | -(2) 


H, z 
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Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Slef + Mutual Inductance 


36. A (long thin) solenoid core has an insulated primary coil, (of n, turns per unit length) and an 
insulated secondary coil, (of n, turns per unit length) wound on top of the primary coil. The 
cross sectional area of the solenoid, equals A. 


If L, and L, are the self inductances of the two coils and M is their coefficient of mutual 
inductance, we would have (in the ideal case). 


(Li) 


(1) = (a) (Incorrect) 
(2) M=/L,L, (Correct) 
E) 
6) M= L (Incorrect) 
L, 
(4) M= =) (Incorrect) 


Correct answer: (2) 
Solution: 


The self inductance, L, and L,, ofthe two solenoid coils, are given by 
L, = pn? A? 
and L,=pn5Aé 


when pL isthe magnetic permeability of the core material and p is the length ofthe solenoid. 


Also M, the coefficient of mutual industance, is going by 
M =unn,Al 
We, therefore, have L,L, =M? or M=,/L\L, 


[Alternatively: We know that, in the dieal case, the coefficient of coupling between the two coils, equals 


M 
unity. Now k is defined as ie JFL, ». whenk=1, we have M =,/L|L, ] 
r2 
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Unit—14 : Electromagnetic Induction and Alternating Currents 


Average Mutual Inductance of a Pair of Coils 


37. Two circular loops, of radii R and r (R >> r), respectively, are positioned, parallel to each 
other, in the yz plane. The centres and axis, of both the loops, lie on the x—axis, a distance 
x apart. The larger loop has N turns, while the smaller one has n turns, all of the same 
average radius, in each case. The mutual inductance M, of this pair of loops, for x >> R, 


equals (nearby) 
bom R? 
D e| nN 


2) Sez (nNrR?) 





(3) EF (nN)(Rr*) 


2x? 
(4) ae )(NR? ) 


Correct answer: (4) 
Solution: 


We imagine a current I to flow through the larger loop. The magnetic 
field, due to it, at the centre of the small loop, would then equal 


5 


2 (R+) 


The small coil has a very small radius. We may, therefore, assume that 
the magnetic flux, linked with it, is (nearly) 
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For x >> R, we can write 


; nN.ar’?R? 
R Eo 
Unit-14 : Electromagnetic Induction and Alternating Currents 
Difficult Mutual Inductance 


38. A long straight wire and a planer rectangular loop are present in the vicinity of each other 
in the xy plane. The coefficient of mutual inductance, for this pair, would equal 


uol a w 
2m 
(1) c (1 4 2)| (Incorrect) 
a 
Hy® 
2m 
2) | om (1 yé ) (Incorrect) 
l a 
l 
(3) oo én h + 2) (Correct) 
(4) - ln (1 + £) (Incorrect) 


Correct answer: (3) 
Solution: 
We imagine a current I to flow through the long straight wire. The magnetic field, due to it at any point (in 


ol 


the xy plane), distant x from it, has a magnitude ee 


and it is directed perpendicular to the plane. Hence 


509 


UDOON 


A program to give wings to girl students 


the magnetic flux, linked with a small segmental strip, (of with dx), ofthe rectangular loop, would be 


dp = (tax). HO aaa, aa 


The total magnetic flux, linked with the rectangular loop, is 


_ HM wer? dx 
ce aes 


2 x=a 
aeancee: 7/5 MERRER 
= Hol a(t) dx 
2m a 
But $= MI 


Hence M = Hof a(t +2) 
2n a 


Unit—14 : Electromagnetic Induction and Alternating Currents 
Difficult Motional emf 


39. A (infinite) long straight wire, carrying a current I, is placed parallel to the x-axis. If a 
straight conductor, of length / , positioned along the y—axis, as shown, starts moving with a 


uniform velocity y — y; , the magnitude of the emf, induced between its two ends, P and Q, 





would be 
(1) zero (Incorrect) 
2u,Iv£ 
(2) (2a+0) (Incorrect) 
Liplv l 
— fn| 1+— 
GB) GF í A ) (Correct) 
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ulv £ 


(4) 27 [a 4 £) (Incorrect) 








Correct answer: (3) 
Solution: 


The magnetic field, due to the long straight current carrying wire, would have different magnitudes on the 
different elements of the straight conductor PQ. However its direction, at all these elements, is directed 


along (-) , as seen from the Biot-Savart rule. Hence the magnitude of the (motional) emf, induced in an 


element of length dy, situated at a distance below the straight wire, is 





Hol 
de =|By|(dy)v = dy) v 
Beee a (ay) 
y varies from y =a to y= (a+ ¢). Hence the emf induced, between the ends P and Q, is 


a+! 
g= Holy ay =H afi -| 
` 2ny 2n a 





Unit—14 : Electromagnetic Induction and Alternating Currents 
Difficult Induced emf 


40. A circular coil, of radius R, is set up with its plane in the yz plane; its centre at the origin and 
its axis along the x—axis. It carries a constant current I. 


A small rectangular lamina, of area AA , is set-up with its plane parallel to the yz plane and 
its ‘centre’ on the x—axis. It is made to move, with a uniform velocity V (= vi) . The 
dependence of the instantaneous induced emf (e (x)) , in it (when its centre is to a distance 


x from the origin (x >>R), on x, is best represented by the graph, labelled as graph 
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IE@)| |E@)| 1 

1 E(x )la— 

t ECJ} t E(x)Jom 

x—> x—> 
(1) P (Correct) 
(2) Q (Incorrect) 
(3) R (Incorrect) 
(4) S (Incorrect) 


Correct answer: (1) 

Solution: 

The set-up, of the ‘system’, is as shown here. 

The magnetic field, due to the current carrying circular coil, at the centre of the rectangular lamina (when 


this centre is at a distance x from the origin), is given by 


R? 
B(x) -8—51 
2 (R? + x’) ? 
The rectangular lamina, being a small sized one, 


the magnetic flux, linked with it, can be written as 


(x) = AAB(x) 





_ H R? (AA)I 
2 (R+?) 


We are given that x >> R. Hence 
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1 
-~ €(x) varies as (= . This corresponds to graph (P). 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Difficult Power Factor and Quality Factor in a Series LCR Circuit 


41. A voltage source, v =v, sin ot , is connected across a series LCR circuit. The value of L 


nR 3 


and C, in the circuit, are equal to Bo and (n 7 1) Ro’ respectively. The power factor and 





the quality factor, of the circuit, are equal, respectively, to 

















(n-1) 3 
(1) (2n? or 1) and n(n-1) (Incorrect) 
A (5) “= \ i =i (Correct) 
(z) and 3 
3) le \n(n—1) (Incorrect) 





(n-1) F n(n-1) 
(4) (2n? -2n +1)’ . 3 (Incorrect) 





Correct answer: (2) 
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Solution: 


The phase angle, Q, (current lagging), between the current flowing and the applied voltage, in a series LCR 
circuit, is given by 





nR V3 
In the given case, ®L = B and ®C = (n-1)R 
R 1 1 
z. tan@ =——.— =—= 
3R V3 


DE 


©L L 1 1 IL 
The quality factor, Q, ofa series LCR circuit, equals A = R VLC = R E . Inthe given case 








L nR (n-1)Ro_n(n-1) 








= ; R? 
C Bo v3 3 
n(n-l 
o- VEI 
3 
Unit-14 : Electromagnetic Induction and Alternating Currents 
Average Voltage Magnification in a Series LCR Circuit 


42. A series LCR circuit can bring about a ‘voltage magnification’, of the voltage of the a.c. 
source connected across it, provided the frequency, of the a.c. voltage source, equals 


1 o. 1 IL 

(1) io the voltage magnification factor, then equals RNT (Incorrect) 
1 PR LiL 

(2) Vic ; the voltage magnification factor, then equals CIR? (Incorrect) 
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1 1 JL 

(3) DONTE ; the voltage magnification factor, then equals R E (Correct) 
1 L)\ 1 

(4) 2r JLC ; the voltage magnification factor, then equals TJR? (Incorrect) 


Correct answer: (3) 


Solution: 


1 
The resonant frequency, for the series LCR circuit, equals DONTE . 


For a voltage source, having this frequency, the net impedance ofthe circuit equals R. Hence the source 
voltage equals the voltage drop V, (= iR), across the resistor. 


The total voltage drop, across the combination ofL and C, is zero but the individual voltage drops, across 
L and C, are NOT zero. 


At the resonant frequency, voltage drop across L (equal and opposite to the voltage drop across C) = 





i@ L 
n ae = aL) = V, = Voltage magnification 
Va iR R Voltage of source 
OL 


0 


Voltage magnification factor = R 





L 1 IJL 


R VLC RVC 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Easy Sharpness of Resonance 


43. InA.C.voltage source, v = v, sin ot; having a fixed value for v,, but of variable frequency, 


is connected across a given series LCR circuit. The variation of the current I, flowing in the 
circuit, with œ, (the angular frequency ofthe source) is as shown. The power consumption, 


in the circuit, at (angular) frequencies œ and o,, is 
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(1) 50% ofthat at (angular) frequnecy œ, and the difference, (œ -0 ), increases with an increase 


in the Q-factor ofthe circuit (Incorrect) 


(2) 50% ofthat at (angular) frequnecy œ, and the difference, (œ -0 ), decreases with an 


increase in the Q-factor ofthe circuit (Correct) 


(3) (nearly) 71% ofthat at (angular) frequency œ, and the difference, (œ, -0 ), decreases with 


an increase in the ‘Q-factor’ ofthe circuit (Incorrect) 


(4) (nearly) 71% ofthat at (angular) frequency œ, and the difference, (o, -0 J: increases with 
an increase in the ‘Q-factor’ of the circuit (Incorrect) 


Correct answer: (2) 


Solution: 


The current value, for œ and @,, is Ve times the current value at œ. Hence the power consumption 
: 1 
(a r ) would become | 5 | or 50% of that at œ. 


Further, the more the value of Q, the sharper is the resonance of the circuit. This implies that there is a 


decrease, in the difference, (œ -0 ) when the Q-further increases. 


Unit-14 : Electromagnetic Induction and Alternating Currents 


Difficult Power Factor and Quality Factor of a Series LCR Circuit 


44. A voltage source, v= vsin ot; is connected across a series LCR circuit. The value of L 


5R 3 
and C, in the circuit, equal Bo and a , respectively. The power factor and the quality 


factor, of the circuit, are equal, respectively, to 
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(1) 2 and F (Ccorrect) 
= and 14 

(2) B V3 (Incorrect) 
= and 14 

(3) B V3 (Incorrect) 

(4) - and ir (Incorrect) 


Correct answer: (1) 
Solution: 


The power factor, ofa series LCR circuit, equals cos Q where 


R 


tan 0 = 


5 3 
i ircuit : OL =—=R and œC = — 
For the given circuit : B 4R 


T 
Hence cos0 = COR = 





[L 
Kept es 1 a! 
R RvLC RVC 
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L 








Here C Ba B 


5R 4Ro -(2 i 
3 





T Qs 


Average 


I feat. [20 _ [20 
C R V3 ¥3 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Q-Factor 


45. Fora given series LCR circuit, the term 


(1) 


(2) 


(3) 


(4) 


1 E 
RVC 
is a dimensionless term that provides a measure of (i) the quality factor (Q) and (ii) the power 


factor ofthe circuit at resonance (Incorrect) 


is a dimensionless term that provides a measure of (i) the sharpness of resonance (S) and (ii) 
the voltage magnification of the circuit at resonance (Incorrect) 


is a dimensional term that provides a measure of the (i) voltage magnification of the circuit at 
resonance and (ii) the sharpness of resonance (S) of the ciruit (Incorrect) 


is a dimensionless term that provides a measure of (i) the sharpness (S) ofresonance the circuit 
and (ii) the quality factor (Q) of the circuit (Correct) 


Correct answer: (4) 


Solution: 


Fora series LCR circuit, the sharpness of resonance (S), the quality factor (Q) and the voltage magnification, 


L 1 
at resonance, are all measureing through the term B . The resonant frequency œ, , being equal to —~ , 


LC 


1 JL 
this termis equivalent to the term R E ; 


This term is a dimensionless term (because œL as well as R both have the dimensions of impedance). 


(The power factor, of the circuit, at resonance, equals 1; it is not equal to this term). 
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Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Q-Factor and Voltage Magnification Factor 


46. A series LCR circuit is connected across a given a.c. source, v=v,sin@t, (where 


1 
= VLC ). Keeping L and C fixed, the value of R is varied. The graph, showing the 


relation between the Q-factor of the circuit, and its voltage magnification (V,,,), is the 
graph labelled as graph 


Vyr Vyr 





Vur 





Q —> Q— 
d) A (Correct) 
(2) B (Incorrect) 
(3) C (Incorrect) 
(4) D (Incorrect) 


Correct answer: (1) 


Solution: 





The Q-factor, for a series LCR circuit, equals R | oC z) 


The voltage magnification factor, is, 
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Hence Vur =Q 


The graph, between the two, is, therefore, a straight line of slope = 1. The straight line graph should, 
therefore, be inclined equally (at 45°) to either of the two axes. Of the four straight line graphs shown here, 
it is only graph A that has the straight line graph of slope equal to 1. 


Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Q-factor and Resonant Frequency 


47. A sinusoidal A.C. voltage source, of adjustable frequency, is connected across a series 
‘LCR’ combination. The inductance (L) and the capacitance (C), present in the circuit, can 
be expresssed in terms of the quality factor (Q) the resonant frequency (œ, ) (of the circuit), 
and the resistance R, through the relations. 

















a) L= | | and C= (S) (Incorrect) 
@y L= m ndes RT (Correct) 
3) L= oT and C= r (Incorrect) 
(4) L= TE and C= [a (Incorrect) 


Correct answer: (2) 


Solution: 


The resonant frequency, ©, , and the quality factor, Q, are related, to L and C, as 








1 JL pee 
Q L Eao Jc 





1 
: —OR? L= 
These give L = Q’R’C and oC 
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C= [| 
@ QR 


1 1 @,QR (S) 


oC o 1 Wy 








Unit—14 : Electromagnetic Induction and Alternating Currents 


Average Phase Angle and Quality Factor in a Series LCR Circuit 


48. A voltage source, v =v, sin ot, is connected across a series LCR circuit. The values of L 





9R 
d C, in the circuit 1 — and 
and C, in the circuit, equa F an 10Ro 


current and voltage in the circuit) and the quality factor, Q, of the circuit, are then equal, 
respectively, to 


, respectively. The phase angle (between the 


T . 

(1) q (Current lagging) and 2/10 (Incorrect) 
T . 

(2) 4 (Current lagging) and 34/10 (Incorrect) 
T 5 

(3) 7 (Current lagging) and 3/10 (Correct) 
T . 

(4) 4 (Current lagging) and 2/10 (Incorrect) 


Correct answer: (3) 
Solution: 


The phase angle, 9, (current lagging), between the current flowing and the voltage applied, in a series LCR 
circuit (connected to a A.C. voltage source) is given by 





1 
Card 9R —10R 
tan 0 = oC =(-1) 


R R 


oe 
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The quality factor, Q, for a series LCR circuit, equals 


oL L 1 Lf 
R RLC RYC 


Hence, for the given case, 





Q=2 90R? =3J10 


Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Quality Factor Series LCR Circuits 


49. The following table gives the value of L, C and R, used in three different series LCR 
circuits. 





The quality factors, Q, Q, Q, of these circuits would be in the ratio 


(1) lix:x? (Incorrect) 
(2) x:1:1 (Incorrect) 
(3) l:x:x (Correct) 
Ay x:x:l (Incorrect) 


Correct answer: (3) 


Solution: 


We kn a=, |e 
e Ow tha RVC 
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Unit—14 : Electromagnetic Induction and Alternating Currents 
Easy Quality Factor and Resonant Frequency 


50. The inductance, capacitance and resistance in a given series LCR circuit, have values of 
1 
(n) henry, (=) farad and (n°) ohm. The quality factor, Q, and the resonant frequency 


(v,),of this circuit, equal, respectively, 





1 n 

(1) Q= g = Tr (Incorrect) 

(2) Q=l; v= (z) (Correct) 
An? 2n 

3) Q= a > Vo -(4| (Incorrect) 
8r’ 4r 

(4) Q= a Vg = (=) (Incorrect) 
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Correct answer: (2) 
Solution: 


The quality factor, Q, of a series LCR circuit, equals 


a 
RYC 


, Inthe given case, 


1 
GT 
n? 


Also the resonant frequency, v, is given by 








OL 
R 





[Note: We can check the consistency of these results by noting that Q = 


(22n) 
2T 


z. Inthe case, Q = 3 =1, as obtained above]. 


Unit-14 : Electromagnetic Induction and Alternating Currents 
Easy Sharpness of Resonance of a Series LCR Circuit 


51. Itis required to improve the sharpness of resonance of a series LCR circuit by a factor of 
4. This requirement can be met by 


(1) increasing the resistance to 4 times its present value; leaving L and C values unchanged 
(Incorrect) 
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(2) increasing the inductance to eight times to present value; decreasing the capacitance by a 


factor of 2; and leaving R unchanged (Correct) 
(3) increasing the inductance by a factor of 4, leaving C and R unchanged (Incorrect) 
(4) decreasing the capacitance by a factor or 4; leaving L and R unchanged (Incorrect) 


Correct answer: (2) 
Solution: 


The sharpness ofresonance, ofa series LCR circuit, improves by a factor of 4 when its quality factor goes 
up bya factor of 4. Now 


It is easy to see that it is only the changes, suggested in option (2), that increase the value of the Q-factor 
bya factor of 4. 


Hence we can improve the sharpness of resonance by a factor of (4) by following the changes suggested 
in option (2). 


[Note: The sharpness of resonance improves by a factor of 4 when for the same value of the resonant 


-Q, 





oO 1 
frequency, the band width, ( ®, -@, ) , goes down by a factor of 4. The ratio equals Q ]. 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Average LCR Circuit 

52. A series LC circuit is connected across an a.c. voltage source : (v =v, sinwt), for which 
1 1 

OF VLC and ©L > vC The instantneous current and the instantaneous power dissipated, 


in the circuit, are then equal respectively, to 


(1) œand0 (Incorrect) 





sin wt cos ot) c à 
orrec 
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Vo l Í l z) +v? , 
—— jsin| ot4 and (sin wt cos ot) 
(3) [et - a 2 (oL- a (Incorrect) 
wo wo 
Vo : T 
t+ 
(4) T i ) sin{ 0 z) and zero (incorrect) 
l @C 


Correct answer: (2) 


Solution: 


1 1 
Since © # VLC , the net impedance of the circuit is not zero. Also since OL # vC , the net impedance of 


1 
the circuit, is [ot = =) . The inductive impedance being greater the current, in the circuit LAGS in 


phase with respect to the voltage. Hence the instantaneous current, is the circuit, is given by 


—Vv, cosat 


io J (asi 


œC aC 








<. The instantaneous power, dissipated in the circuit, is 


2 


V b 
=VI =- sin at cos at 


Past = 1 
[toe] 
@C 


Unit—14 : Electromagnetic Induction and Alternating Currents 
Easy Behaviour of L and C in A.C. Circuits 
53. A student writes the following statements about the ‘inductors’ and the ‘capacitors’. 


(a) Aninductor behaves almost like an ‘open’ for very low frequency a.c. sources as well 
as d.c. sources. 
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(b) A capacitor behaves like an ‘open’ for very low frequency a.c. sources as well as d.c. 
sources. 


(c) Forvery high frequency a.c. sources, a capacitor behaves as an ‘open’ while an inductor 
behaves like a ‘short’. 


(d) For very law frequency a.c. sources (as well as d.c. sources), an inductor behaves like 
an ‘open’ while a capacitor behaves like a short. 


() a (Incorrect) 
(2) b (Correct) 

(3) c (Incorrect) 
(4) d (Incorrect) 


Correct answer: (2) 


Solution: 


An ‘open’ implies an (almost) infinite impedance while a ‘short’ implies an impedance tending to zero. Now 


(i) Impedance of inductor = œL 
<. The inductor is (almost) a ‘short’ for very low frequency a.c. sources as well as d.c. sources. It 
behaves like an ‘open’ for very high frequency a.c. sources. 
(ii) Impedance of capacitor = n 
oC 
Hence a capacitor behaves in a way opposite to the behaviour ofan inductor. 
Hence statement (B) is the only ‘logically valid’ statement, out ofthe four given statement. 
Unit-14 : Electromagnetic Induction and Alternating Currents 
Average LC Circuits 
54. A circuit is made up ofan (almost) pure inductor and an (almost) pure capacitor, connected 


together. The circuit (i) has a resonance frequency v, when itis put in an evacuated container 


and (ii) has a resonance frequency v) when the container contains a non-reacting gas. The 


dielectric constant of the gas equals. 





(Incorrect) 
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(2) (v, ) (Correct) 





( y ) (Incorrect) 


Yo 
(4) w -1 (Incorrect) 


Correct answer: (2) 
Solution: 


Let L be the value ofthe inductance and C that of the capacitor. We then have 


Z or LC= : - 
2nVLC 4T v; 








Vo 


In the presence ofthe gas, ofdielectric constant, say, K, the capacitance changes to KC. Hence 


o ol 


; 1 
v =—= or KLC = — 
° 2nVLKC An’v. 





Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Series LCR Circuit 


55. When a given (fixed frequency, fixed voltage) a.c. source is connected across a series LCR 
circuit, the current in the circuit has its maximum value when 








1 1 
C=——;i i i C> or C< 
(1) vL it decreases in a (nearly) symmetrical way when OL vL 


(Correct) 








1 1 1 
C=—;i i - i Ce C< 
(2) OL it decreases in a non-symmetrical way when OL and when OL 
(Incorrect) 
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2 2 2 
(3) C= A ; it decreases in a (nearly) symmetrical way when C > 7 or C< = (Incorrect) 


(4) C 2, it decreases in a non-symmetrical way when C > a and when C< a 
(Incorrect) 
Correct answer: (1) 
Solution: 


27% 
The impedance ofa series LCR circuit | 7 = [e T [ot ~ =| | has its minimum value (= R) when 


1 1 


oL= oC or C= OL’ The current in the circuit is, therefore, maximum for this value of C. 
o 





1 2 
Because of the presence of the squared term (o a +) | in Z, we can expect a (nearly) identical 


2 


increase in Z when C increases / decreases, around the value L } by equal amounts. Hence the 


decrease in current, in either case, is likely to take palce in a (nearly) symmetrical way. 


Unit—14 : Electromagnetic Induction and Alternating Currents 
Average LCR Circuit 


56. For the LCR series circuit shown here, the peak value of the voltage of the source, the 
phase difference between the applied voltage and the current flowing, and the power factor 
of the circuit, equal, respectively. 


10 mH lpF 10Q 





V=Vo Sin (10°t) 


T 
(1) V175 volt; + 3° (Incorrect) 


N| = 
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1 
(2) 175 volt; =; A (Incorrect) 
(3) 10volt; 0°; 1 (Correct) 
1 
Vv 200 volt; =; —= 
(4) z D (Incorrect) 


Correct answer: (3) 
Solution: 


The impedance, z, ofthe circuit is given by 


27% 
zr o- ) | 
aC 


Here R =10, © =(10*) s, L=10mH, C=1pF 


oL =10*x10x10° Q=10°O 


1 1 
= Q=10°0 
and SL 10" x10" 





4 ot- tp 
oC 


~ z=R=10Q 


~. Peak value of voltage = ie x/2 ) x(z) volt 
1 
-(* 2 x10) volt =10 volt 


V2 


Phase difference between current and voltage 


gE 


0 = tan” — = tan 0 =0° 








Power factor = cos 9 = cos 0° =1 
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Unit—14 : Electromagnetic Induction and Alternating Currents 
Difficult Adjusting the Value of C in a given LCR Circuit 


57. The graph drawn here, shows, simultaneously the variation of the (alternating) voltage 
(applied) and the current (flowing) for a given series LCR circuit. 


Without making any other change, the power factor of this circuit, can be made unity if 
another capacitor, C”, of value 





C 
(1) ( LC- 1) is put in parallel with a given C (Incorrect) 
C 
(2) ( LC- 1) is put in series with a given C (Correct) 
(@Le-1) 
(3) +~————~ isput in series witha given C (Incorrect) 
(œLcC-1). aa 
(4) ~———— isput in parallel with a given C (Incorrect) 


Correct answer: (2) 
Solution: 


The given graph shows the current lagging in phase with respect to the (applied) voltage. The power factor 
of the circuit becomes unity ifthe circuit is in its resonance state. This requires the capacitor to have a value, 
C’, such that 


L iii ie. C'= : 
@C' aL 





We need to increase the capacitative impedance to make it equal to œL . This means that the capacitance 


needs to be decreases. We, therefore, need to put another capacitor, C”, in SERIES with the given 
capacitor (C) such that 
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This gives — = 
8 C " 


Difficult 


58. 


1,1! l æL 
c œ œ 

1 (@LC-1) 
c 


= Cc 
~ (@LC-1) 


" 


Unit—14 : Electromagnetic Induction and Alternating Currents 


A given AC source, v = v, sin wt, is connected across 


a given series LCR circuit. The graph, showing 
simultaneously, the variation of the voltage and 
current in the circuit, with time, has the form shown. 


The current, flowing in this circuit, has to be made to 


V 
have its maximum value - x) . This aim can be 


achieved if, without making any other change in the 


circuit, we join another inductor (L ") , of value 
1-@°LC 
(1) ~ zm __ | inseries with the given inductor (L) 


oC 


in parallel with the given inductor (L) 


oC 
(3) Ea in series with the given inductor (L) 
) in parallel with the given inductor (L) 


œC 
4) |I-oLC 


Correct answer: (1) 
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(Correct) 


(Incorrect) 


(Incorrect) 


(Incorrect) 
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Solution: 


The given graph shows the current leading in phase with respect to the applied voltage. The given condition 


V 
(current has its maximum value - x) ) is met when the circuit is in its resonance state. For this, the net 


1 
inductance, has to have a value, L’, such that ©L' = E: This requires L'= 





oC’ 
Since the current is leading in phase, we need to increase, the value of the inductance. We, therefore, need 
to add another inductor (of value L”) in series with the given inductor, such that 


1 
oC 


re: 
. l l -1 |- 1-o'Le 
aC aC 


Unit—14 : Electromagnetic Induction and Alternating Currents 


L+L"=L'= 








Average Changes in LCR Circuit 


59. A series LCR circuit is connected to an a.c. voltage source (v = v, sin œt) and the value of 


1 
C is such that vC =0 , The phase angle (9) , between the current flowing and the voltage 


applied, then equals. 


af @L 1 

(1) tan (=) > current leading; can be made zero by taking a value of C equal to (=) 
(A) 

(Incorrect) 


af 1 1 
(2) tan E > current lagging; 9 can be made zero by taking a value ofC equal to | —— 
9 aL 


(Incorrect) 


af 1 1 
tan | — |; no , 
(3) í oLR current leading; 0 canbe made zero by taking a value of C equal to (=| 


(Incorrect) 


533 


UDOON 


A programm to give wings to girl students 


af @L 1 
(4) tan (=) > current lagging; 0 can be made zero by taking a value of C equal to (=| 
oO 


(Correct) 
Correct answer: (4) 
Solution: 


The phase angle (correct lagging) between the current flowing, and the voltage applied, in a series LCR 
circuit is given by 


Ga. 
1 oC 
R 


0 = tan` 


1 
Here — =0. 
= oC 


Hence 0 = tan”! (=) 
R 





POE. : 1 
We can make 9 = 0) by taking ne oL, i.e., C= JL 


The required value ofC is, therefore, 
1 
aL 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Average Sereis LCR Circuits 


60. A series LCR circuit is connected across a given a.c. voltage source for which v =v, sinwt. 


The threee phasor diagrams, for this circuit (having a total impedance z), correspond, 
respectively, to the cases 


| >y, 
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1 1 1 
(1) L> eC $ C = =) and (i < =) (Correct) 
1 1 1 
(2) L< vC 3 (£ = ey and (i > ae (Incorrect) 
3 on ;(z=R) and} L> | 
(3) oe oe (Incorrect) 
(4) |L< as | L= Eo and (z =R) (Incorrect) 
oC oC 





Correct answer: (1) 
Solution: 


For the series LCR circuit, (since i has the same value for all three elements), implies that V, > V, is 

equivalent to saying X, > X_. In the given diagram, the upward phasor corresponds to V, while the 

downward phasor corresponds to V. Thus diagram (i), (ii), (iii), correspond to (X, > Xe); (X, =X.) and 
1 1 

(X; < X,), respectively. Since X, = @L and X, = oe we have X, > X, when L > FE and vice- 

crsa. Further z =R is true only when X, = X,. It is only in option (1), that the given information is in 

agreement with these requirements (for all the three bits of given information). 


Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Series LCR Circuit 


61. The graphs, (A) and (B), drawn here, show, respectively, the phase relationship between 
the voltage and current, in a series LCR circuit (connectd to an a.c. source) when 


(1) (A)R andL are both shorted and (B) R and C are both shorted (Incorrect) 
(2) (A) Rand C are both shorted and (B) R and L are both shorted (Incorrect) 
(3) (A) Calone is shorted (B) L alone is shorted (Incorrect) 
(4) (A)alone is shorted (B) C alone is shorted (Correct) 


Correct answer: (4) 
Solution: 


For a series LCR circuit, the (phase) angle 9, by which the voltage (V) leads the current (I), is given by 
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(t-z) 
tan 0 IS es 


R 


(i) When Lalone is shorted, 0 becomes a negative angle, i.e. 
the voltage lags behind the voltage in phase. This 
corresponds to graph A. 


i) | When C alone is shorted, 9 becomes a positive angle; i.e. 
the voltage leads the current in phase. This corresponds to 
graph (B). 


L 
[Option (1) and (2) are incorrect becuase when R and T are 


C 
both shorted, the circuit becomes a pure L circuit. For both 


T 
these cases, @ would be F 7’ this is not so in the given graph]. 





Unit-14 : Electromagnetic Induction and Alternating Currents 
Average Resonant Frequency of a Series Combination of Two LCR Circuits 
62. The resonance frequency for each of the two individual (LCR) series circuits, [(A) and (B)], 
shown here, has the same value, say œ, . For the series LCR circuit, obtained by having 


the ‘series combination’ shown, of the circuits (A) and (B), the resonant frequency will be 


L, C, i i Ly C, R. H 

nm mwm- m bow} 

O aS ®© 

L L | 

1 -nmmn H ewe- | 
OF: Dy H GG R R | (Correct) 
2) o (Incorrect) 
B) 20, (Incorrect) 

Wo 

® Br (Incorrect) 
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Correct answer: (1) 








Solution: 
We are given that 
1 1 
=@, and = 
J LC, L,C, 


For the ‘combined circuit’, the equivalent inductance (L), and the equivalent capacitance (C), have the 
values given by 


L=L, +L, and == 2 F £ c- ES) 
iE 2 





The resonant frequency, say œ' , ofthe ‘combined circiuit’ is given by 


(Li +L,)(C,C2) (L,C)C,+(L,C,)c, 
C,+C, (C,+C,) 





Now LC = 





1 
g ao +C] 





2 
C,+C, (AM 


tr 2 P 
WO =O) = Wo 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Average Phase Angle and Power Factor in a Series LCR Circuit 
63. An A.C. voltage source (v =v, sin ot), is connected across a series LCR Circuit. If the 


2V3R 1 
values of L and C, in the circuit, equal l m | and l B F respectively; the phase 





angle (between the current and voltage) and the power factor of the circuit, are equal, 
respectively, to 
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and ( 
and ($) 
2 


Correct answer: (2) 








Solution: 


The phase angle, Q , between the current and voltage, in a series LCR circuit, is given by 


ali- 


tan 0 = — £C 
R 


. Inthe given case: 


ted o.2V3R l 











= [243R - VR ]= V3 


0-7 
3 





T 1 
-, Power factor = €089 = cos nee 
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Unit—14 : Electromagnetic Induction and Alternating Currents 


Average 


Induced emf 


64. A series LCR, connected to an a.c.voltage source (v =v, sin wt), has L = 0. The phase 


angle, 9, between the current flowing, and the voltage applied, then equals 


1 


(a) tan” 
Q) tan” 
(3) tan” 
(4) tan” 


Correct answer: 


Solution: 








1 


1 
= > current leading; 0 can be made zero by taking a value of L equal to (5) 


(Correct) 


1 
) > current lagging; @ canbe made zero by taking a value of L equal to (°C) 


@CR 
(Incorrect) 
@C ). ; ; 2 
R current leading; 0 can be made zero by taking a value ofL equal to (o c) 
(Incorrect) 
œC ; ; 1 
R > current lagging; 0 canbe made zero by taking a value of L equal to ec 
(Incorrect) 
(1) 


The phase angle (current lagging), 9, between the current flowing andthe voltage applied, ina series LCR 


circuit (connected to an a.c. voltage source) is given by 


0 = tan` 


i 


oL = =] 
œC 





R 


R 


- 1 
Here L=0. Hence = tan™ (| ; The (—ve) sign implies that the current now leads the voltage. 


1 
We can make 9 = 0) ifwe select a value of L for which @L = oC . The required value of Lis, therefore, 





i) 
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Unit—14 : Electromagnetic Induction and Alternating Currents 


Average 


LCR Circuit 


65. A given series LCR circuits is connected across a simusoidal AC voltage source. 


1 
The inductance, L, in the circuit, has a value equal to vC 


L, C, and R, of this circuit, are equal, respectively, to 


(1) 


(2) 


(3) 


(4) 


v =v, sin(ot) 











Yo ae w L ady 
J2R aC’ R oC i 
vo | v 
—.—; —.oL and v, 
RoC R 
v 
0, 0 and —& 
V2 
Vo Lo v 1 Vo 
[AJR oC ajr oc va 


Correct answer: (4) 


Solution: 


. 1 
We are given that L=—~ 


œC 


. The rms voltage drop, across 


(Incorrect) 


(Incorrect) 


(Incorrect) 


(Correct) 


1 
. This implies that ® = JEC , Le. the given circuit is in its resonance state. 


At resonance, net impedance of the circuit equals R. Hence, the rms value ofthe current in the circuit, is 


y 1 
Bk - The impedance of the inductance and capacitance are both equal to vC (or oL) . Hence the 


v 1 
rms voltage drop, across the inductor and the capacitor, are each equal to ae OC’ The total of these 


two voltage drop, at resonance, is zero. The rms voltage drop, across the resistor, equals the rms value of 


he supply voltage, ie. 2 
the supply voltage, Le. V2 : 
2 
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Unit—14 : Electromagnetic Induction and Alternating Currents 


Difficult Adjusting the Value of L in a given LCR Circuit 


66. A given series LCR circuit has an alternating voltage (v =v, sin at) , applied across it. 
The current, flowing in the circuit, is observed to lag in phase with respect to the applied 
voltage. 

Without making any other change, the value of the (net) inductance, present in the circuit, 


is to be adjusted such that the voltage of the source, and the voltage drop across the 
resistor in the circuit, have identical values. For this, we need to put another inductor, [,". 


of value 
(@°LC-1) 

(1) (Lt) in parallel with the given inductor (L), already present in the circuit (Incorrect) 
(w°LC-1) 

(2) (Lt) in series with the given inductor (L), already present inthe circuit (Incorrect) 


(L) 


(3) ( LC- 1) in parallel with the given inductor (L), already present in the circuit (Correct) 


(L) 
(4) ( LC- 1) in series with the given inductor (L), already present in the circuit (Incorrect) 
Correct answer: (3) 
Solution: 


The voltage ofthe source, and the voltage drop across the resistor, have identical values only when the 
circuit is in its resonance state. Hence the net inductance (L’), in the circuit must be such that 
1 1 


oL'=—~ or L'=— 
œC aC 





Since the current is lagging in phase, the inductance value needs to be decreased. For this, we need to put 
an inductance L" in Parallel with the given inductance L, such that 


2 


11.1 ec 
L L? L" 
ae L 
This gives L" = ———— 
(wLC-1) 
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Unit—14 : Electromagnetic Induction and Alternating Currents 
Difficult Adjusting the Value of C ina LCR Circuit 


67. GraphA, drawn here, shows simulteneously the variation of the (alternating) voltage (applied) 
and the current (flowing), with time, for a given senses LCR circuit. 


Without making any other change in the circuit, the (voltage/current) vs (time) graph, for 
the circuit, would take the form shown, in graph B, if another capacitor C”, of value 





1-@ LC 
(1) (ES wr ) is put in parallel with the given C (Correct) 
1- LC 
(2) ~z; | isput in series with the given C (Incorrect) 
oL 
oL 
(3) n 1-@LC a is put in parallel with the given C (Incorrect) 
(4) is put in series with the given C (Incorrect) 
1-o'LC ie 


Correct answer: (1) 
Solution: 


Graph A shows the current leading in phase w.r.t the voltage. In graph B, the voltage and current are in 
phase. This means that we need a net value, C’, of capacitance, for which 


1 
—e=oL or C'= : 
oC' oL 
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Since the current is leading in phase, it can be brought ‘in phase’, by increasing the given value of C. For 
this, we put a capacitor, C”, in parallel with the given capacitance (= C) such that 


C+C"=C' 


ee 1 1-@°LC 
C"=C ra c-( aic) 





Unit-14 : Electromagnetic Induction and Alternating Currents 
Average LCR Circuits 


68. The impedance ofa given series LCR circuit, at its resonance (angular) frequency (= ©) 


is X ohms. its impedance becomes Y ohm when the source voltage has a (angular) frequency 
œ. The values of L, C and R, in the given circuit, are equal, respectively, to 




















o PIE (o-a) 
L= ;C= ;(R=X 
(1) OM (o -@;) oo yY? -xX? ( ) (Correct) 
o VY —x? v -o 
L=— ;C= o__-(R=X 
2) o (o? -a ) oo VY? —-X? ( ) (Incorrect) 
VY? =X? o-o, 
G) M aay > edge a ; (R =X) (Incorrect) 
0 


1 E (oio 


(4) EnA CE VY? —X? eon) 





(Incorrect) 


Correct answer: (1) 
Solution: 
The impedance, ofa series LCR circuit, at its resonance (angular) frequency ( o) , equals R. Hence 


R=X 


@L-— =0 
We also have ®o oC 
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2 
and R? (or-5} =y 
oC 








oL- = JY? -R -VY x? 
aC 


Solving the two equations, we get 





L- VY -X 
7 a (œ -o;) 
and C= (o”-04) 


Unit—14 : Electromagnetic Induction and Alternating Currents 
Difficult Analysing LCR Circuit 
69. An electrical circuit is made up of an inductance (L), a capacitor (C) and a resistor (R), 
connected in series. When it is connected across the mains (Voltage = 111.8 V ~ 4/12500 V), 
it draws 125W power from these mains. It is also observed that the current lags in phase, 
with respect to the applied voltage by a If the inductive impedance is twice the capacitance 


impedance, the three impedances in the circuit: (i) its resistive impedance; (ii) its inductive 
impedance and (iii) its capacitative impedance, are (nearly) equal, respectively, to 


(1) 142, 2840, 1420 (Incorrect) 
(2) 106.5Q, 213.9, 106.50 (Incorrect) 
(3) 89Q, 178Q, 890 (Incorrect) 
(4) 710, 1420, 710 (Correct) 


Correct answer: (4) 
Solution: 


Let z be the total impedance of the circuit. We then have 
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2 


Power = P = — 
Z 
= Na _ 12500 =100Q0 
P 125 


Now phase angle, @, is given by 


tan 0 = bi meni 
R 


Here 0 = J . This means that (X, -X ,)=R 

Also z? =R? +(X, —X,)'. Hence 100?= R? + R? 
R? =5000(Q)" 
R = 50002 = 710 

Also X, -Xc =R=700 
ees ae 

Hence X, =719 


X, =1420 


Unit—14 : Electromagnetic Induction and Alternating Currents 
Average Impedance Calculation 


70. The circuit, shown in the figure here, has been C=10uUF 

R TOU 100 mH 
connected to an a.c. voltage source (v =v, sin at) of 
a very high frequency. The effective impedance of 
this circuit, and the current flowing in it, would then 
be given by 


500 mH 





V = Vo Sin wt 
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(a) 4R,I =7esinot 
(2) 7R, I= sin ot 
(3) 7R, l= sens ot 


v 
4R, I= — cos wt 
(4) 4R 


Correct answer: (1) 
Solution: 


At very high frequencies, the effective impedance of the capacitor 
tends to zero while that of the inductor tends to infinity. The 
branches, containing inductors, are, therefore, (effectively) not 
parts of the circuit while those conatining the capacitor, are 
(effectively) like a simple connecting wire. The circuit, therefore, 
looks effectively like the one shown here. The effective 


4x12 





impedance is, therefore, [R + r] i.e. 4R. The current 


flowing, in the circuit, is therefore, in phase with the applied 
voltage and is given by 


l= (z) sin wt 
4R 


(Correct) 


(Incorrect) 


(Incorrect) 


(Incorrect) 


12R 


Y 
V= Vo Sin wt 


Unit-14 : Electromagnetic Induction and Alternating Currents 


Average 


Induced emf in a Rotating Coil 


71. A planar circular coil, of radius a, has N turns and it can be made to rotate about its diameter 
as axis. The coil has a resistance R and is present in a region where a uniform magnetic 
field, B, directed perpendicular to the axis of rotation of the coil, exists. If the coil has to be 
kept rotating with a constant frequency v, (assuming friction and other dissipative effects 


to be negligible) 


(1) anexternal torque, of magnitude 2nvNB sin” (2nvt) must be made to act on it (Incorrect) 
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(2) anexternal torque, of magnitude 2mvN [ na°B sin (2nvt) | must be made to act on it 


(Correct) 


(3) anexternal torque, of magnitude 2nvN [ na”B | sin ( 2nvt) must be made to act on it 
(Incorrect) 


(4) it just needs to be given the necessary ‘spin’ at start, it would then keep on rotating at its initial 
rate, due to its ‘rotational inertia’. (Incorrect) 


Correct answer: (2) 
Solution: 


Let the coilrotate about a diameter, taken as the z—axis. The magnetic field isdirected along the x—axis. The 
flux, linked with the coil, at any instant, is 


fon 


=N(ra’)Boos 0 


= Nna’Bcos(2rvt) 
X 
do eee 
+ Induced emf= g= oN Bsin(27nvt) B 


Instantaneous induced current = i = = 
The magnetic moment, associated with this induced current, 
M =i. ( ra’ ) 
The magnetic field exerts a torque, which has an instantneous value, t = MBsin 0 


The external torque is needed to oppose this torque on the coil due to the induced current. Hence external 


torque = t= MBsin 0 = 2nvNna’Bsin(2rvt) 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Average AC Generator 


72. A circular coil, having N turns of wire, each of mean diameter D, is set up so that it can 
rotate about a vertical axis, at the rate of p rotations per second. The horizotal component, 
of the earth’s magnetic field, at that place, equals B. 
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The magnitudes of the instantaneous emf, induced in the coil, when its plane 
(i) isatright angles to the magnetic meridian. 
(ii) makes an angle of 30° with the magnetic meridian. 


(iii) coincides with the magnetic merician, would equal, respectively. 


(1) (0, Se0°%0,0] ; [5 °D'NB, | (Correct) 
(2) [570°NB,p | (Fenne, ee 
8) (0),{4D°NB,,p ] ; (ZNB) (Incorrect) 
(4) (0),{4 DNB, [5 D'NB,p) (Incorrect) 


Correct answer: (1) 
Solution: 


When the normal, to the plane of the coil, makes an angle 0 with the direction of the magnetic field, the 
instantaneous flux linked with it is 





en), cos (27pt) (6 = wt = 2npt) 


<. Instantaneous induced emf is 


2 
= = ND By (2np) sin (27pt) 
272 
_EDINBAP sing 


In the cases (1), (ii), (iii), @ (angle betwwen the normal to the plane of the coil and the magnetic field) equals 
0°, 60° and 90°, respectively. 


Hence the three values of ¢ are 


242 
0, B DNB, p and aS. respectively 
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Unit—14 : Electromagnetic Induction and Alternating Currents 


Average AC Generator 


73. A mini generator has a coil of 1000 turns, each of area 10m’. The coil is placed with its 
plane perpendicular to a uniform magnetic field of intensity 25 mT and is rotated at a 
uniform rate of 100 rotations per second. The magnitudes of the average of the emf 
generated, during the four quarters of its rotation, equal, respectively 


(1) Ovolt, 0 volt, 0 volt, 0 volt (Incorrect) 
(2) Ovolt, 100 volt, 0 volt, 100 volt (Incorrect) 
(3) 100 volt, 0 volt, 100 volt, 0 volt (Incorrect) 
(4) 100 volt, 100 volt, 100 volt, 100 volt (Correct) 


Correct answer: (4) 

Solution: 

The flux, linked with the coil, at any instant is 
p = NAB cos ot 

, Instantaneous induced emf, £, is given by 


coo 
dt 


€ = NABocos at 


Here N = 100, A= 10°m’, B = 25x10° T; œ= (100x 2r)s™ 
NABo = 10° x10 x 25x10 x22x10" volt 
=507 volt 


e= (50 T) sin wt 


4 
The average, of this, over success four quarters of the cycle, are given by T times the integral ofthe 


above, from (i) (0) to F (ii) (F) to (5) (iii) (3) to (=) and (iv) (=) to (T), Each of there 


is seen to have a magnitude. 





0 
x50rx 2S [volt =100V 


4 
ial 2007 
100 
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Easy 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Transformer 


74. A step down transformer (having windings of negligible resistance) is used to step down the 
mains voltage of 220V, to22V to operate a device of impedance 220V. Assuming an efficienty 
of 80%, the current flowing in the primary coil of two transformer is 


(1) 
(2) 
(3) 
(4) 


8 nA (Incorrect) 
10.25mA (Incorrect) 
12.5 mA (Correct) 
14.75 mA (Incorrect) 


Correct answer: (3) 


Solution: 


The secondary, supplying a voltage of 22V, operates a device of impedance 200 Ohms. 


22 
Hence current in the secondary = 20 A=0.1A 


. Power consumed in the secondary circuit = 22 x 0.1, W=2.2 W 


Efficiency = 80% 


100 


Power available in the primary circuit = 2.2 x aa W =2.75 W 


~. Ifl is the current in the primary coil, we have 


220 x [= 2.75 


pas 


_ 2750 


~ 220 220 
=12.5mA 


Average 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Transformer 


75. The diagram, given here, shows a ‘step-up’ that may be used to supply power from a ‘power 
plant’ to a ‘town’ via transmission lines of a total (to and fro) length of 50 kM. The power 
requirement, of the town is 2.2 MW. Assuming that the two transformers, used at the 
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‘power plant’ and the ‘town substation’ are ideal ones and the resistance of the transmission 
line is 1 ohm/km, the stepped up voltage, available at the secondary coil of the transformer, 
used at the power plant, should be 





Power Plant Town Sub Station 
(1) 4400 V (Incorrect) 
(2) 16900 V (Incorrect) 
(3) 20600 V (Incorrect) 
(4) 29400 V (Correct) 


Correct answer: (4) 

Solution: 

The power available at the primary coil of the town substation transformer = power requirement of town 
= 2.2x10°W 


Voltage available at its primary = 4400 V 


2.2 x10° 
<. rms current in the line = ai =500A 
4.4x10°V 


Total resistance ofthe line = 50Q 
Voltage drop across the line = 500 x 50 V = 25000 V 
. Voltage that needs to be available at the secondary coil of the transformer of the power plant 


= 29400 V 


Unit—14 : Electromagnetic Induction and Alternating Currents 


Average Transformer 


76. A power station, located at a distance of (37) km from a town, has to deliver 8.8 of MW of 


power to the town. The transmission wires are made from a metal of resistivity 2x10 SI 
units and have a diameter of 1 cm. 
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The power station uses a step-up transformer to boost the voltage to 22kV; transmitts 
power at this voltage and uses a step down transformer, near the town, to bring down 
voltage to 220V. The percentage of ohmic losses, during transmission, in terms of the 
power transmitted, equal (nearly) 


(1) 13% (Incorrect) 
(2) 87% (Correct) 
(3) 65% (Incorrect) 
(4) 44% (Incorrect) 


Correct answer: (2) 
Solution: 


The total resistance, of the transmission lines, is 


l 2x10*x2x3nx10° 
A (0.5107), 





=48x10'Q=480 


The current in the transmission wires 


Power 8.8x10° 
~ Voltage 22000 





=400A 
z. Ohmic losses = PR = (4*10)?x4.8 W 
= 76.8x10*W = 0.768x10° W 
0.768 x10° 


<. Percentage of ohmic losses, in terms of power transmitted 8.8x10° x100 = 8.7% 








Unit—14 : Electromagnetic Induction and Alternating Currents 
Average RMS Value 


77. The alternating current, in a given set up, varies with time in the manner shown. The rms 
value of this current, over one cycle, is 


552 





(1) 3A 
(2) 3.17A 
G) 3.28A 
(4) 3.62A 


Correct answer: (2) 


Solution: 





4 
—>» Time 
(in second) 
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(Incorrect) 
(Correct) 
(Incorrect) 


(Incorrect) 


The rms value, by definition, is obtained by taking the average of the squares of all values (over one 
complete cycle) and then taking the square root of this average. 


For the given case, we have 


For (t =0) to (t= 1); sum of the squares of all values = (2)? = 4 


For (t = 1) to (t = 3); sum of the squares of all values = (—4} x 2 =32 


For (t =3) to (t = 4); sum of the squares ofall values = (2) x 1 =4 


~. Sum ofthe squares ofall values over one complete cycle (= 4s) = (4 + 32 + 4)A? 


40), 2 
~<. Average of the squared values = (2) =10A° 


<. rms value= 10 A 


=3.17A 





40 A? 








Unit—14 : Electromagnetic Induction and Alternating Currents 


Difficult 


Voltage (in Volt) 


78. The rms value, of the saw tooth alternating voltage, shown here, equals (nearly) 


553 


UDOON 


A program to give wings to girl students 


Voltage (in volt) 






Time 
E) (in second) 
(1) 1.732 Volt 
(2) 1.00 Volt 
(3) 1.15 Volt 
(4) 1.42 Volt 
Correct answer: (3) 


Solution: 


(Incorrect) 
(Incorrect) 
(Correct) 


(Incorrect) 


The rms value, by definition, is obtained by taking the average ofthe squares ofall values (over one 


complete cycle) and then taking the square root ofthis average. 
We see that for the time period ofthe alternating voltage is 4V. 
For (t = 0) to (t =2), we have v (t) = 1xt (slope = 1) 


<. Sum of the squares ofall values = IROI 
0 


tdt = (3%) volt? 


on 


For (t = 2) to t=4, we have 
v(t)=1xt-4 


4 


2 
.. Sumofthe squares ofall values = f(t =a) dt 
2 
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<. Sum of the squares ofall values over one complete cycle 





ape +S \vote = 16 olt? 
3 3 3 


1 


16 
~. Average of the squared values = ay x z 


svale- y -2 v= 115v 
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Unit—14 : Electromagnetic Induction and Alternating Currents 


Average Induced Current and Resulting Power Loss 


79. A circular coil, of radius a, (having N turns) is made to rotate about its vertical diameter 
with an angular speed œ. The coil is present in a region where a uniform horizontal magnetic 
field B is present. If the coil has a resistance R, the rms value of the induced current and 


the resulting power loss, in it, are given, respectively, by 


52 
z Naa‘) oB 
(1) Nra œB and ( ) 





Nra ?0B 2(N*na*wB) 
(2) and 
V2R R 








6) YR 2R 


Nza’*oB aid (Nra’oB) 





(4) 


Correct answer: (2) 
Solution: 


The instantaneous flux, linked with the coil; is 
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= Nra’Bcos(at) 
<. Instantaneous induced emf is 


do 


6 =—-—-=Naa’oBsinot 
dt 


=g sin at 


where s, = Nza*oB 


Ems — 
<. Therms ofthe induced current = RO 


_ Nna’oB 


E a 


, Instantaneous power loss = £, I 


rms~ rms 


_ Naa’@B Nra’oB 


V2 J2R 





= [Non] 


Eo 


V2R 





Unit—14 : Electromagnetic Induction and Alternating Currents 


Easy 


Wattless Curents 


80. Fora pure inductor, or a pure capacitor, connected to an a.c. voltage source, one can say 


that the instantnaeous power. 


(1) as well as the average, over a cycle, are both zero 
(2) may not be zero but the average power, over acycle, is zero 
(3) can zero but the average power, over a cycle, is hot zero 


(4) as wellas the average power, over a cycle, are both not zero 


Correct answer: (2) 


(Incorrect) 
(Correct) 
(Incorrect) 


(Incorrect) 
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Solution: 


T 
The current, in a pure inductor, or a pure capacitor, has a phase lag of + a with respect to the applied 


; T 
voltage. Hence if the applied voltage is (v, sin ot), the current is 1o sinfor az z) „is +I, cosot. The 
instantaneous power is, therefore, 


P. 


inst 


=tv,I, sin ot cos wt 


Volo 
2 


= sin 2ot 





This is not zero at all instant. However, its average, over a complete cycle, is zero. 
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UNIT-15 : ELECTROMAGNETIC WAVES 


Learning Objectives 


To enable the learners to understand the following concepts / topics, analyse and appreciate them 
incorporating the previous knowledge, enhance their application skills in various concepts, develop values 
and life skills required in furthering their overall personality. 


e — Maxwell’s equations and production of electromagnetic waves. 

e Concept of displacement current. 

e —_ Source / origin of electromagnetic waves. 

e Nature of EM waves and their expressions. 

e Properties of EM waves. 

° Intensity, radiation pressure and momentum of EM-waves. 

e Poynting vector (S) 

° Various types of waves is EM- spectrum, their names, frequencies and uses. 


e Applications ofEM waves. 
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Maxwell’s four equations 
Prediction of Concept of 
EM-waves displacement current 
Properties of 
EM - Spect 
Equations for Various parts 
E & B fields and names 
Speed of EM waves Frequency and 
in a medium wavelength range 


Energy of EM Sources and uses 
waves of different parts 


Intensity of EM Applications 
waves 


Radiation pressure 


Poyting vector 
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Introduction 


James Clark Maxwell, in taking stock ofour knowledge of electricity and magnetism, summarised basic 
results in terms of four equations known as Maxwells equations. He also showed that one of these equations 
knownas Ampere’s circuital law needed some modification. This was achieved by introducing the concept 
of displacement current. Maxwell also shared that the electric and magnetic fields satisfy equation of wave 
motion and co-exist with one another. He postulated the existence of what is now known as electromagnetic 
waves. In this unit we will discuss these ideas in a very simple, elementary way. 

Maxwells Equations 

The four Maxwell’s equations are: 


(1) Gauss Law of Electrostatics 


q 
According to Gauss law the electric flux , through any closed surface is g where q is charge 
0 


inside the closed surface. Expressed mathematically: 


M ~e 


b = PEAS = (1) 


qis charge in side closed surface S 


(2) Gauss Law of Magnetostatics 


The net magnetic flux >,, through any closed surface is zero. Expressed mathematically: 
Pa = PBs =0 D D 


This is basically a restatement ofthe fact that magnetic monopoles donot exist. 


(3) Ampere is Circuital Law 


The law states that the line integral of magetic field over any closed surface equals uI, where I is 
current inside the closed loop considered. Expressed mathematically: 


Bae = pl 


(4) Faraday’s Law of Electromagnetic Induction 


The induced emfis numerically equal to the time rate of change of magnetic flux. 
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Eind = Eae = -Ha 


d 
=- BaS n (4) 


The Displacement Current 


Maxwell pointed a fundamental inadequecy ofthe above four equations. Maxwell argued that ifa varying 
magnetic flux produces an induced electric field and therefore an induced emf, a varying electric flux should 
also produce an induced magnetic field due to an induced current. In other words Maxwell demanded 
“Parity” between electric and magnetic fields. 


Maxwell also shared that the Ampere’s circuital law as expressed in Eqn (3); in general; is not valid. As 
expressed in Eqn (3); the law is valid for direct currents (d.c). But is is not applicable to alternating 
currents. 


We know that a direct current cannot flow through a capacitor. However an a.c current can flow through 
a capacitor, though an insulator is present between plates of the capacitor. Obviously conduction electrons 
,that move in wires conneting a.c source to capacitor, cannot flow from one plate of the capacitor to the 
other. How circuit is completed when a.c current flows? 


To overcome these difficulties Maxwell proposed that a new current, now known as displacement current 
I, is produced due to a varying electric flux. Maxwell showed that: 


IL sge -5E 
a5 a oe (5) 
The modified Ampere’s circuital law is 


B= w+) (6) 


where I is conduction current and I is displacement current. 


Though displacement current is not due to movement of free electrons; it has same effects as conduction 
current. We say displacement current can produce a magnetic field in the same manner as a conduction 
current. 


Existence of Displacement Currnet 


We discuss briefly, by using idea of displacement current, how do we get a continuity of current through a 
capacitor connected across an a.c. Let a capacitor (parallel-plate) of capacity C be connected across an 
a.c voltage given by 
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V(t)=V,sinot 


Ae . : ee . 
The capacity C = a where A is aera of cross-section and d is distance between plates of capacitor. 


The instantaneous charge q(t) on capacitor is: 


q(t)= CV 





Ae : 
-| 21 Vy,sino ha (7) 
The conduction current I ; in the wires connecting a.c source to capacitor; by defintion, is 


dq(t 
f dat) en V,@cos wt 
dt d 





According to Maxwell, in between plates of capacitor there is a varying electric flux which produces 


displacement current I. The instantaneous electric flux ,; in between plates of capacitor, is 


= (5) V sin ot 


The displacement current, I, is 


I, =e ds -(42) Sw, sin at) 





° dt d 





= (2 Jo, cos@t (9) 


From eqns (8) and (9) we have 
I, = I, 


Let I=I, +I, be the total current in circuit. In conducting wires I, + 0, because >, > 0 andI=I,. In 


between plates of capacitor 1, =0 and I =I. There is a continuity ofa.c current in a capacitor. 
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Electromagnetic Waves 


Maxwell, using modified Ampere’s law and the other three equations showed that the electric field (E) and 
the magnetic field (B) satisfy the equation. 


2 
WE= : = 
HoEo ) Ot 


1 \OB 
V’B= 
and =) ar 











These two equatinos are standard equations of wave motion. The speed of waves V is 


1 
V Hob 


For free space 


y= 





Eo 


“one lU" 


and =, = 4107 SI Unit 
v= : =[9x10" ]* 
Z 


4nx107 x! _. 
4nx9x10 





=3x10* m/s 


v is same as speed of light = c, in free space. Therefore Maxwell postulated that light is electric and 
magnetic fields propogating in sapce! Since electric and magnetic fields can exist in vaccum, light can 
propagate in vaccum! 


Origin of Electromagnetic Wave 


Maxwell explained theoretically, the production of EM waves with the help of the two equations, namely: 


dọ 
B.dé = u£, —= 
f H&o dt 


doy 


and pEde => dt 
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In order to produce a magnetic field, we require a time varying electric field in space and a time-varying 
electric field can only be produced by an accelerating or oscillating electric change. Hence an oscillating 
electric change acts as the source of EM waves. As long as the charge continues to oscillate, EM waves 
are produced from those oscillations. 


Nature of Electromagnetic Waves 


Anelectromagnetic wave produced by oscillating charge (and transmitted with the help ofa dipole antenna) 
consists of time-varying E and B fields, the variation in one sustaining the production of the other. As we 
know, the varition in E-field is the source of displacement current I, which actually produces the B-field. 
Using Bio-savart law, it can be shown that the direction of B is perpendicular to the direction of the 
displacement current. As the displacement current is always along the direction of E-field, it is clear that 
these two fields are mutually perpendicular. E and B-fields of EM waves are mutually perpendicular and 
they are also perpendicular to the direction of propagation ofthe wave. Thus EM-waves show transverse 
nature. 


Electromagnetic waves propagate, in space with the speed equal to that oflight (c). Ifthe electric field E is 
along the y-axis and the magnetic field B is along the z-axis, then the direction of wave propagation is 
along the vector E x B, that is, along the positive x-axis as shown in the figure below. Both E and B vary 
sinusoidally with time and space and have same frequency. E, and B, vary always in same phase. 


y ——> wave propagating along x-axis 





Since E, and B, are progressing along the x-axis, with speed equal to v, in space, we can mathematically 
represent these sinusoidal field variation as under: 


E, =E,sin(kx—ot) 


or E, =E, sin {24(2-v«)} 
À 
: x t 
or E, =E,siny2n T 
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and = =B, = B, sin(k x- ot) 


or B, =B, sin} 2n{ = vt} 
À 
. x t 
or B, =B, sin {2(2-2}} 


Here, E, and B, are the respective amplitude or peak values of electric and magnetic fields. It may be 
recalled here that: 


œ is angular frequency of the EM wave 
v is linear frequency 
@=2nv 
v is wave velocity (along x-axis, here) 
V=vA 


à is wave length 


k is angular wave number 
po 
A 
d v= 
an k 


Using Maxwell’s equations it can be proved that: 


(O) 1 
vans » for EM waves, in free space. 
k VHo&o 





1 
y= 


= V Hobo 


It can also be proved, from Maxwell’s equations, that the electric field amplitude (E,) and the magnetic 
field amplitude (B,) in an electromagnetic wave are related as: 





=p 
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As we know, both E and B fields in EM wave vary is same phase, equation (15.21) can also be written as: 
2C 
B 

[Here E and B are the instantaneous values of electric and magnetic fields, at a particular time instant (t)]. 


It is well known to all that light, an electromagnetic wave, does propagate through glass and water. We 
have also seen, in earlier uits, that electric and magnetic field can be established in material medium and that 


the total electric field inside a medium is described in terms of permittivity (£) where € =¢,¢, and the 
magnetic field insdie the medium is described in terms of permeability (u) , where u = u, Hy. 


Thus the speed of electromegnetic waves, and therefore light, can be written in terms of u and ¢ as: 


Here v is the speed of EM waves in a medium for which u and s are respectively permeability and 
permittivity of the material of the medium. It can also be written as: 











or uK 


Here K =e, isthe dielectric constant of the material. 


Heinrich Rudolf Hertz not only proved that accelerating / oscillating charges produced electromagnetic 
waves, but also demonstrated these waves, which had wavelength ten million times that of the light waves, 
could be diffracted, refracted and polarised. Further Hertz produced stationary electromagnetic waves 
and determined their wavelength, by measuring the distance between two successive nodes. As the frequency 
of the wave (equal to the frequency of the oscillator) is known, he then calculated the speed ofthese waves 
using the equation y = và and found that the waves travelled with the speed of light. 
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The electric and the magnetic fields of an electromagnetic wave are plane polarised. This nature of EM 
waves can be easily understood in the response of a portable AM radio to a broadcasting station. If the 
radio has a telescopic antenna it responds to the electric field of the signal. When this antenna is kept 
horizontal the signal strength will be greatly diminished. 


Electromagnetic waves do carry energy and momentum, like other waves. To establish this, consider a 
plane perpendicular to the direction of propagation of the electromagnetic wave. If there are electric 
charges (like the free electrons in a conductor) in this plane, they will be set and sustained in motion by the 
electric and magnetic fields of the EM wave. The charges thus acquire energy and momentum from these 
waves. We have seen in earlier units, that, in a region of free space,with electric field E, there is an energy 


density of Ur = eE? . Similarly, ifthere is a magnetic field, the associated magnetic energy density is 


= 1P 
Us =——. 
2 W 
Since electromagnetic waves contain both electric and magnetic fields, there is non-zero energy density 


associated with the electromagnetic waves and therefore, they carry energy. 


The great technological importance of EM waves stems from the fact that they carry energy from one place 
to another. The radio, TV and mobile signals carry energy. Light carry energy from the sun to the earth, 
thus making things visible to human eye, helping leaves to photo-synthesis and enabling solar panels to 
produce electricity. 


Since electromagnetic waves carry momentum, they can also exert pressure, called radiation pressure. If 
the total energy transferred to a surface, in time t, is U, the toal momentum imparted to the surface, for 
complete absorption is 


P=— 
c 


This radiation pressure, exerted by sunlight, is found to be of the order of 7x10°N-m. Thus, ona surface 
of area 10 cm’, sunlight exerters a force (radiation force) ofaround 7x10°N. 


Suppose EM waves are incident normally on the surface of a perfectly black block of surface area A and 
thickness d. The total energy transferred to this block, over a cycle of these EM waves is equal to: 


2 
$ €o Bity Eee (Ad) 


2 W 


Characterstics and Properties of EM Waves 


1. Electromagnetic waves are produced by accelerating or oscillating electric charges. 
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2. 
3. 


10. 


11. 
12. 


13. 


They are self-sustaining oscillations of electric and magnetic fields, which are coupled to each other. 


The time-varying electric and magnetic fields are mutually perpendicular and are perpendicular to 
the direction of propagation of the wave. 


Hence electromagnetic waves are transverse is nature. 


The coupled sinusoidal electric and magnetic field variations are occuring in same phase, so that they 
attain their maximum or peak values at the same time. 


Electromagnetic waves do not require any material medium for propagation. 


They propagate in free space with a speed equal to c, given by 


1 
y Ho£0 


When electromagnetic wave propagate through a material medium, the speed becomes v, given by 


c= 





(c =3x10°ms") 


l Z ce oœ 
yue Vie, Ju.K 


(v for any material medium is lesser than c) 


v= 














The speed of electromagnetic waves is also obtained as ratio of the magnitude of electric field to that 
of the magnetic field at any instant 


l E, E 
ie. c=—=— 
B, B 


EM waves do not carry any charge and so they are not deflected by external static electric or 
magnetic fields. 


All the electromagnetic waves, irrespective oftheir frequency (low or high), travel with the speed 
equal to c, in space. 


The speed of EM waves follows the general expression for wave-speed, y = và. 


Experiments by Hertz demonstrated that elecromagnetic waves of any frequency (or wavelength) 
undergo refraction, diffraction, polarisation and can form standing waves. 


Electromagnetic waves carry energy which is shared equally by the electric field (Œ) and magnetic 
field (B) vectors. 


In a region of space where E and B fields vary sinusoidally, the average energy density (Ue) 


associated with the electric field (E) and the average energy density (Us) associated with the 
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and Us =>— 
2 Ho 


UDAON 


A program to give wings to girl students 


Here E and B represented, obviously, the rms values of the sinusoidally varying electric and magnetic 
E 0 


E 











fields, where E = Ems = a and B = B,ms 


= 1 
Therefore, Ur = rege 


and Us =-— 
4 w 


J2" 


The totalaverage energy density possed by the electromagnetic waves is therefore, 


S We 1 1B 
U=Ue+Us =—¢,E, +——* 
4 4 Wo 


But U: + Ug, as proved below. 


_ 2 2 
U, =i Bo 1,1 Ey . 
4u 4 WLC 








Therefore, total energy density (U) can be written as: 


U=Ur+Us 
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14. 


15. 


16. 


17. 


or 2Ue 


(=j 
Il 


1 ii 
= 5 FoF 


cl 


or 


Electromagnetic waves carry energy and linear momentum (P). If U is the total energy transferred to 
a surface (total absorption), is time t, then 


p-— 
c 


(In case the waves are totally reflected from the surface, backwards, than the momentum transferred 
to the surface will be zero) 


Since electromagnetic waves possess momentum, they can exert radiation pressure. 


RS Linear momentum transferred by the EM waves 
Radiation pressure = 





Area of surface x time 


The intensity of electromagnetic radiation (I), during the propagation ofthe EM wave, at a point, is 
defined as the amount of energy passing through unit normal area around that point in unit time. 


That is: 





I- Energy / Time 
Area 
I= Power 
i Area 


If JJ is the total average energy density carried by the electromagnetic wave, then total energy 
passing through unit normal area in one second will be: 


= = 1 
I= Uc , where U = 5 8E, 
1 2 
I= or 


1 
Since 7 €C is a constant, we can write: 


Ix E% 


IFE and B are the electric and magnetic field vectors, then the velocity vector (v) of wave propagation 
is along E X B. i.e. v is in the direction of E X B. 
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It may be noted that a vector called poynting vector (S) gives the magnitude and direction of energy 
transported by the EM waves per second per unit normal area, and S is given as: 


_ EXB 
Ho 


S 


Now, by definition, I =|S| 


|EXB| 
tapje S 

Ho 
EB 

o 1=s=— (- ELB) 
Ho 
1E,xB 

or I= = 
2 My 
1E, E 

or 4l=S=i-2%.— 
2u, C 

1=S=1¢,CR? a ee 
or z oro < Ho zC 
18. The total energy transferred to a black surface, over a cycle, by normally incident EM waves is equal 
1 1 Be 
to: | 5 €o Eimst > —™ |(Ad) 
“| 2 2 Wo ` 
(A= surface area and d = thickness of the body) 
Example-1 : 


A plane electromagnetic wave of frequency 25 MHz travels in free space along the x—diretion. At a 


particular point in space and time, E = 6.3) Vm”. What is B at this point? 


Solution : 


Given: v =ci =3x10°ims” 


E=63j)Vm" 


As we know that (EX B) is along v and only (j x k) gives í . Hence B =B k. 
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Now, B= 





~3x108 
=2.1x10°T 


B=(2.1x10%k) tesla 
Example—2 : 
The magnetic field in a plane electromagnetic wave is given as: 
B= 2x107 sin (1.5x10" t + 500x)T 
(a) What is the wave length and frequency of the wave? 
(b) What is the expression for the electric field? 
Solution : 
Given B= 2x 107 sin (1.5x10"'t + 500x)T from this expression we obtain: 
©  v=c(-i)=3x10*(-i) ms” 
G) = @=1.5x10''rad.s™ 
(ii) k=500rad—m™ 


(iv) B,=2x107 tesla 


When we compare the above given equation with: B,= B, ( ot + kx) 


p27 _ 2x314 
k 500 


=2x2x3.14x10°m 





= 12.56x10° m 
= 1.256 cm 


Also, œ=2rv 
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p- £ 15x10" 
2m 2x3.14 


=23.9x10° Hz 
=23.9 GHz 

(b) E,=B,c =2x10-7x3x108 
= 60 Vi! 


Since the wave velocity (v) is along (=i) and B is along j , E has to be along the positive z-axis (or 
along x) 

E, =E,sin(@t+kx) 
or E =60 sin (1.5x10"t + 500x) Vm! 


Example-3 : 


Light with an energy flux of 18 Wem? falls ona non-reflecting surface, at normal incidence. Ifthe surface 
has an area of 20cm”, find the average force exerted on the surface by the incident light. 


Solution : 


Given : Energy flux = 18 Wem? 





Therefore, energy falling on 20 cn? in one second is 


U = Flux x Area x Time 


=18 x 20cm’ x1s 





s xcm? 


=360J 


Hence, total momentum delivered (for complete absorption) on to 20 cn? area, in 1 second is 


paua ALA =1.2x10* N -s 
c 3x10 





Therefore the average force exerted on the surface is: 
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p 1.2xl0°N-s 
t Is 





F= 


= 1.2x10°N 
Example—4 : 


Calculate the amplitude of electric and magnetic fields produced by the radiation coming froma 100 watt 
bulb, at a distance of 3m from the bulb. (Assume that the luminous efficiency of the bulb is 2.5% and that 
it isa point object). 


Solution : 


The bulb, as a point source, radiates light in all directions unformly. At a distance of 3m from the bulb, the 
energy radiated by the bulb, and the energy recieved by a spherical surface, of areaA=4 nr’ =4n(3)= 
113m”, willbe the same. 


Therefore, the intensity of light at 3m is: 


Power 100Wx2.5% 
Area 113m? 





I= 
= 0.022 Wm? 
Half of this intensity is provided by the electric field and half is provided by the magnetic field of the 


radiation. 


1 ‘ 
Now, we have, I= z EC E; 


g {2 -=j 2x0.022 
° Alee, V8.854x10"? x3x10° 


or E, = 4.07 Vm" 








Piz ome =14x10°T 
c 3x10 





Hence, B, = 


(Note that, even though the magnetic field amplitude is extremely small, as compared to electric field 
magnitude, the energy associated with both of then are equal. Further E, = 4.07 Vm ' for a 100 W 


electric bulb, used by us for reading, at a distance of 3m from it, is much higher than that of the TV or FM 
waves used byus, which is of the order of 10% Vm"). 
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Example-5 : 

Suppose that the electric field amplitude ofan electromagnetic wave is E,= 120 NC" and its frequency is 
v = 50.0 MHz 

(a) Determine the values of B,, œ, k and 1. 

(b) Obtain the expression for E and B. 

Solution : 


Given : E,= 120 NC" (or Vm’) 





v = 50.0 MHz 
= 50x10‘ Hz 
E 120 
i B, === =4x107T 
(a) @ 0 = 35408 x 


@) @=2rv=2x3.14x50x10f =3.14x10°rad—s7 


© œ 3.14x108 











ii) k =1.05rad —m™! 
a v c 3x10 
8 
a tse re 
v 5x10 


(b) Suppose the wave propagate in the positive x-direction. Then, the expression for E is 
E=E, sin(at -kx)j 
=120sin(3.14x10%t-1.05x)j Vm” 
Expression for B is: 


B =B,sin(@t-kx)k 


=4x107 sin (3.14x10* t-1.05x)k tesla 


Example-6 : 


Suppose that the electric field part ofan electromagnetic wave in vacuum is : 


E =3.1cos(1.8y+5.4x10°t)iVm" 
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Obtain the: 

(i) direction of propagation 

(ii) wavelength (à) 

(iii) frequency (v) 

(iv) amplitude ofthe mangetic field part 

(v) expression for the magnetic field part of the wave 


Solution : 
Given: E=3. 1cos(1.8 y+5.4x108 t)iVm" 
The standard equation for E is 
E =E, cos(ky+ ot)i 
Comparing the two we get: 
(i) The direction of wave propagation is (-i) or along the negative y—direction. 


(ii) k=1.8 rad-m' 
_2n_2x3.14 











A =3.49m 
k 1.8 
(i) m=5.4x10' rad—s' 
8 
pg L aA s3010 Hz 
2m 2x3.04 
i) E,=3.1 N-C7 
jis 3-1 =1.03x10° T 
c 3x10 
(iv) B =B, cos(kj+ot)k X ExBis along vorixk =—}) 


=1.03x10* cos(1.08y +5.4x10't)k T 


Electromagnetic Spectrum 


After Hertz’s experimental demonstration regarding electromagnetic waves, establihing Maxwell’s theory, 
several types of electromagnetic waves were discovered, in addition to the familiar and well known visible 


576 


UDAON 


A program to give wings to girl students 


light wave. Now we are all aware that EM waves include visible light, ultra violet radiation,infrared waves, 
x-rays, gamma rays, micro waves and radio waves. 


The orderly distribution and classification of electromagnetic waves, according to their frequency or 
wavelength is known as the electromagnetic spectrum. 


The electromagnetic spectrum has a wide range of wavelength, varying from about 10-'4m for gamma rays 
to 6x 10°m for radio waves. It may be pointed out that only a small region of the complete electromagnetic 
spectrum is visible to human eye, since the waves in this ‘visible region’ can only produce some sensation 


on the retina ofhuman eye. These radiations in the visible range (starting with à ~ 400 nm for violet and 


ending with à ~ 700 nm for red) produce sensation of different colours on the regina. 


The following figure, and the table below it, give the details of the various regions of the electromagnetic 
spectrum with their range of frequency and wavelength, their production as well as the means of their 
detection. It may be noticed that there is no sharp division between the different regions. 


The Electromagnetic Spectrum 


Frequency V (riz) Wavelength 


Region 


10” 


10” 400 nm 


ri Violet Vv 


y Indigo I 


va 450 nm 
2 Blue B 





10" 500 nm 


10" Green G 


10" 550 nm 


Yellow Y 
x 600 nm 


` Orange o 


650 nm 


700 nm 
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Different types of EM waves and their brief discription 













S. No. Type 
L. Radio 
waves 






Wavelength 
range 


>0.1m 
(0.1m to 6%10°m) 





Frequency 
range, (Hz) 


3x10" to 5x10° 





Production 


Oscillating circuit or rapid 
acceleration and decelerations 
of electrons in aerials 


Detection 


Receiver's aerials 














10°m) 


Microwaves | 0.1m to Imm 3x10" to 3x10’ | Khystron valve or Point contact 
(10m to 0.1m) magnetron valve diodes 
3. | Infrared Imm to 700nm | 4x10" to 3x10" | Vibration of atoms and Thermopiles, 
waves (7x10 mto molecules Bolometer, Infrared 


photographic films 








Inm to 10°nm 
(10m to 10°m) 


3x10" to 1x10" 


Visible light | 800nm to 400nm | 8x10" to 4x10" | Excitation of valency The human eye, 
waves (4x10'm to electrons in atoms, electrons | Photocells, Photog- 
8x10 ‘m) in atoms emit light when raphic film/plate 
they move from one energy 
level to a lower energy level 
5. | Ultravoilet 400nm to Inm 1x10” to 8x10" | Excitation of atoms, spark | Photocells, 
waves (1*10°m to and arc lamps, inner shell photographic film 
4x10'm) electrons in atoms moving 


from one energy level to a 
lower level 





x-rays tubes or excitation 
of inner shell electrons 


Photographic film, 
Gaiger tubes, 
Ionisation chamber 











Gamma rays 


< 10 °nm 
(<10°m) 








5x10” to 3x10” 





Radioactive decay of the 
nucleus, Nuclear origin 





Photographic film, 
Ionisation chamber 
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The Electromagnetic Spectrum 


The electromagnetic spectrum 





frequency wavelength type of 
Hz m electromagnetic radiation 


examples, uses, and effects 





10 10° long wave long-distance AM radio 
6 
10 10° medium wave local AM radio 
10 short wave amateur radio 
10 radio 
¥ ay x 
i i waves L vyr FM radio 
9 
19 10" UHF A. TV boradeasts 
10° ; nee 
10? microwaves - mobile phones, TV and communications 
a E) satellites, telephone links, radar 
10 , heating effect used in microwave ovens 
IG aM 
10” radiant heaters and grills 
10° inf TV and video remote controllers 
1 infrared security alarms and lamps 
10 10° ‘light’ pulses in optical fibres 
10" ee 
- © only type of radiation visible to the eye 
10° 
10° 
10” causes tanning, skin cancer, and eye damage 
10° causes fluoerscence 
10° (makes some chemicals glow) 
10” kills bacteria 
10° 
10" i used for X-ray photography 
10 X-rays causes fluorescence 
10” | | causes cancer, but can kill cancer cells 
Wr annn 
1 0” 
; 10° emitted by radioactive materials 
10” gamma rays uses and effects as for X-rays . 
10° used for sterilizing medical equipment 
10” and food 
10" DANGER 


RADIATION 
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Main Regions of EM Spectrum and uses and Applications of these Region 


The entire electromagnetic spectrum is broadly classified in the following regions, in the order of the 
decreasing wave length (or increasing frequency). We now describe each region, briefly, including some 
elementary facts about the use of various electromagnetic waves. 


@ 


(i) 


Radio Waves 


They are produced by the oscillating charges at the ends ofa dipole antenna connected to an oscillating 
voltage source. These radio waves have a frequency range from about 5x 10° Hz to 10° Hz. These 
waves are used as carrier waves to transport message signals (audio and video) in radio, TV and 
mobile communication systems. 


In early radio-communication, amplitude modulated (AM) waves were used. AM radio were used 
for this purpose. There are two bands of AM waves (a) Medium wave band (MW bnad), with 
frequency ranging from 540 KHz to 1710 KHz and are propagated as ‘ground waves’. The MW 
band of AM radios can receive these waves. (b) Short wave band (SW band), with a frequency 
range from 1710 KHz to 54 MHz. These wave are utilized in sky-wave propagation and are received 
by the SW bands of AM radios. 


TV waves employ EM waves in the frequency range from 54 MHz to 890 MHz. The frequency 
modulated (FM) radio band extends from 88 MHz to 108 MHz. 


The ultra High frequency (UHF) band extends from 300 MHz to 3000 MHz (or 3 GHz) and it is 
used for cellular or mobile phone communication. 


Microwaves 


They are short-wave length radio waves, having frequency range from 1 GHz to 300 GHz. These 
waves are produced by special vacuum tubes like Klystrons, Mangetrons, Gunndiodes etc. 


By virture of their short wave length, microwaves can be transmitted through large distances, without 
much spreading, like a narrow beam. Thus they are very effectively used in RADAR systems, aircraft 
navigation and satellite communication. 


Microwaves are used in speed guns to measure the speed of fast moving objects and detecting the 
service speeds of tennis and squash balls, cricket balls, automobile vehicles etc. 


Microwaves are also used in Microwave oven for cooking purposes. (Microwave oven works on 
the principle of resonance between the elcgric field vibrations of the microwaves and electric field 
variations around the highly polarised water molecules (or dipoles) due to the vibrational and rotational 
motions of the water molecules. They both have the same or almost same frequencies, producing 
resonance. It may be noted that at resonance maximum absorption of energy takes place. Hence 
water moelculas absorbes energy from microwaves due to resonance. In the microwave oven, the 
energy absored by water molecules heats up these molecules and they then conduct (transfer) the 
heat to the other food particles, heating the entire food). 
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Infrared Waves 
These waves have frequency range from 3x10" Hz to 4x10" Hz. 


They are produced or emitted by all hot objects and molecules. These waves are easily absorbed by 
objects in the surroundings, there by cansing heating effect in them. Because of this, infrared (IR) 
radiations are some times referred to as ‘heat waves’. 


Infrared waves (or radiations) are used for a variaty of applications like: 

d Physical therapy for treating muscular strain (infrared lamps are used for this). 
° Solar water heater, solar cooker, solar cells, remote sensing satellites. 

7 Drying purposes (fruits and vegetables). 

° Night vision goggles 


À Imprared LEDs, used in remote controles to operate electronic systems in TV sets, video 
recorders, hi-fi system, ACs, set-top boxes etc. 


s Green houses to keep plants warm. 


(Infrared waves trapped by green house gases like CO, and water vapour, helps keep the earth 
warm. But excessive green house gases can cause global warming). 


Visible Light 


This is the most familiar form ofelectromagnetic waves. Even though this region forms a significant 
part of solar spectrum, it is in fact only a very small part ofthe whole electromagnetic spectrum. 
Human eye is sensitive only to this part ofthe EM spectrum. 


The visible light waves have a frequency range from 4x10" Hz to 8x16" Hz (or wave length range 
from 400 nm to 800 nm). 


The visible light waves are produced by de-excitation of valance electrons from higher energy to 
lower energy levels. 


Ultra Violet Waves (UV Rays) 
This region has a range of frequencies from 8x 10" Hz to 5x10"° Hz. 


Sun is the most aboudant source of U-V rays. They are also produced by special U-V lamps, very 
hot objects, mercury arcs and welding iron arcs. 


Over-exposure to U-V rays from sun can cause very dangerous harmful effects on humans on earth 
(like skin cancer etc). But the ozone layer in the earth’s atmosphere (at around 40-50 km) absorbs 
most of these radiations from sun, thereby protecting us from harmful effects. However, the ozone 
depletion caused by chloroflouro carbons (CFCs) emitted by refrigerators, ACs and airosoles is 
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(vi) 


adversely affecting the absorption of U-V rays by atmosphere and the matter is of international 
concern for the word community. 


Ultravoilet radiations have wide range ofuses like: 

7 in preserving food stuff, by killing germs and bacteria using U-V rays. 

. in burglar alarms. 

. In the detection of forged documents. 

° in finger print analysis. 

s in checking and testing mineral samples (through flourescence caused by U-V rays). 
$ U-V lamps used in water purifiers. 

s In LASIK 


(It may be noted that UV rays are easily absorbed by ordinary glass and therefore special glass 
goggles or face masks with glass windows help welders protect their eyes from the UV rays produced 
by welding arcs). 


x-rays 


This part ofthe EM waves has the range of frequencies from about 10'° Hz to 3x10” Hz. The x— 
rays are produced by bombarding a metal target by high energy electrons. They possess high 
penatrating power. 


x-rays also have wide range of uses and application. 
: x-rays are used as diagnosting tool for medical application. 
s They are used as treatment tool for certain forms of cancer. 


° These rays are used for detection ofbone fractures, unauthourised presence ofhidden objects 
like precious metals and stones, bullets etc. inside human body as well as explosive and drugs 
hidden in the body. 


$ These rays are used for scientific research in crystal structure etc. 


7 They are used in engineering, to detect and test any faults, cracks and flows in structures built 
with metals and concrete. 


E They are also used to test the uniformity of insulating materials and to detect leakage of oils in 
underground pipes. 


(It may be noted that over-exposure to x-rays can damage or even destroy living tissues and 
organisms). 
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(vii) Gamma Rays (y -—rays) 


These rays have a frequency range from about 3x 10'* Hz to 5x 10” Hz. They are highly energetic 
and are produced or emitted by radio-active nuclei. They have extremely high penetrating power 
and can cause huge biological damage to tissues and organisms. 


They are used in medical field to destroy cancer cells (radio-therapy). 


Soft y -rays are used to kill micro-organisms to help preserve food-stuff for longer period. They are 
used in the study of the structure ofnucleus of atoms and also to detect and test faults in constructed 
structures. 


Example—7 : 


Use Wien’s formula: à „T =0.29cm — K to find the temperature ofa hot body which can possibly emit 
microwaves of wavelength 1 um . 


Solution : 


Given: „T = 0.29em—K 


Man = 1m =1x10°m =1x10“ cm 


0.29cm-K 
T=—= 
10°cm 
= 2900 K 
Example-8 : 


Given below are some famous numbers associated with electromagnetic radiation in different contexts in 
physics. State the part of electromagnetic spectrum to which each belongs to: 


(i) 21 cm(wavelength emitted by atomic hydrogen in interstellor space). 


(ii) 1057 Hz (frequency ofradiation arising from two close energy levels in hydrogens known as lamb 
shift). 


(ii) 2.7 K (temperature associated with isotropic radiation filling all space : thought to be a relic of the big 
bang origin of the universe). 


(iv) 5890 A and 5896 A (double lines of sodium). 


(v) 14.4KeV (energy ofa particular transition in Fe* nucleous associated with a famous high resolution 
spectroscopic method — Mossbauer spectroscopy). 


583 


UDOON 


A program to give wings to girl students 


Solution : 
(i) | Given wave length corresponds to short wavelength radio-waves. 


(ii) High frequency end ofradio waves (short radio waves). 


0.29cm 





iii) T=2.7K gives à= = 0.11 cm, which corresponds to microwave region. 
8 


Gv) Dand D, lines in the visible region (yellow). 
(v) Given E= 14.4 KeV = 14.4x10°x1.6x10" J 
= 14.4x1.6x10-'*° J 


_E_ 14.4x1.6x107% 


3 ie Hz =3.5x10" MHz 
Ox 





Which lies high frequency x-rays or soft y-ray region. 
Example-9 : 


Electromagnetic waves with wavelenth 

(i) A, is used in satellite communication. 

@ A, isused to kill germs in wter purifiers. 

(ii) A, isused to detect leakage ofoil in undergound pipe lines. 

(iv) A, isused to improve visibility in runways during fog and mist condition. 

(a) Identify and name the part of EM spectrum to which these radiation belong. 
(b) Arrange them in the ascending order of their wavelength magnitude. 


(c) Write one more application for each of them. 


Solution : 

(a) A, > microwave 
A, — ultraviolet radiation 
A, — x-rays 
A, — Infrared radiation 


(b) A, <A, <A, <A, 
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A, — microwaves - used in radar (or microwave oven). 

A, — U-V radiation - used in LASIK eye surgery. 

A, — x-rays - used in radio-graphy. 


A, — infrared - used in remote controls. 


EXERCISE 

The magnetic field ofa beam emerging from a filter facing a flood light is given as: 

B= 12x10“ sin (1.20 10’ z — 3.60x10" t) tesla 
What is the average intensity of the bean? 
Ans.: 1.71 Wm? 
Poyting vector S is defined as: 

S= +E xB) 

Ho 

Show graphically the variation ofS with t. 


Show that the radiation pressure exerted by an EM-wave ofintensity I on a surface, kept in vaccum, 


I 
for complete absorption is v 


For frequency v = 4x10* Hz, sea water has a permittivity of € = 80 £, and permeability u = uo. 
The resitivity of sea water is p = 0.25Q —m . Imagine a parallel plate capacitor immersed is sea 


water and driven by an A.C voltage of V = V, sin(2mvt) . What fraction of conduction current 


density is its conduction current density? 


at 
S: g 


If £, and pu, are the electric permittivity and magnetic permeability of free space and ¢ and p are 


the corresponding quantities for a given medium, then express the refractive index ‘n’ ofthe medium 
in terms these quantities. 


ue 
Ans.: 4 7 
HoEo 
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SOLUTION TO EXERCISE QUESTIONS 


1. Given B= 12x10 sin(1.20x10’ z— 3.610" t) tesla. The standard equation for B of EM-wave 
is: B= B, sin (kz— ot). 


Therefore, B = 12x10°T 


1 8 -8 \ 
T aa x(12x10 ) 


= W/m? 
2 UW 47x10 


Now, I, = 





= 1.71 W-m? 


2. Foran EM-wave propagating along x-direction, the electric field E is along the y-direction and the 
magnetic field B is along the z-direction, such that E x B is along the direction of wave velocity (i.e. 
along the x-direction). 


Now, E, =E, sin (ot —kx) 
and B, =B, sin(t—kx) 


_ExB_E,B, 
Ho Ho 


S in’ (ot kx)i 





Hence, the graph of |S| verses t varies as square of give function, as shown below. 





AP 
3. Force F= AE =rate of change of momentum imparted. 


Pressure P = E 
A 
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or Pa 
A 
G 
or paAt/y© 
A c 
or P= l (AP x c) 
AcAt 
1 ; l 
or P= rear (AU) (AU = AP xc is energy imported to the surface) 
Energy imported 
But I= 28y mporet 
Area x time 
_ AU 
AAt 


I 
Hence, P = — 
c 
Let d be the distance between the plates ofthe capacitor. The applied voltage is 
V = V,sin(27vt) 
Therefore, the field E is 
E= M = Vo sin (2mvt) 
d d 


Hence, the conduction current density is 


Em Vo sin (2mut) 


J.= 
p pd 


or J, =J, sin(2rvt) 


<. The maximum conduction current density (J oc ) is 
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J), =~ 


c` pd 
Now, the displacement current density is 


ig_ 1 dQ. dE 


Å= 
` A A dt dt 





(- Qr =EA) 
or Ja -e$ (¥tsin(2ru)) 

or Jy = 6“ 2nve0s( 2mvt) 

or J, =J, cos(2zvt) 


V, 
where J 0, 5E —.2mw is the maximum displacement current density. 


d 


eVo Jro 
d 


Hence, i. = Fv 
pd 


= 2mvpe 


Og _ 
or 7 =2ne, © -VP 
0c 


1 


Soppa oas 
x10 x 
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Defractive index n = Speed of light ian saad 
Speed of light in medium 





= 
v 
1 


HoE0 





Now, ¢ = 


1 
ee 
aE 


ue 
Ho&o 





n= 


(It may be noted that : 


H=H,Ho 
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QUESTION BANK 
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Key Learning Points 


; i E dd 
Maxwell’s equation for displacement current (i,) in space li e. i4 =E = 





gave the first equation 


d 
ofMaxwell’s electromagnetic wave thoery i.e. f B.dé = 11 €, 2 » which is the modified Amepere’s 
circuital law applicable for an imaginary loop in space where there is a time-varying electrica field 
existing. 


The above equation along with Faraday’s equation for emfinduced in space (e = $ Edé) » namely 


T -dbp = -dbs : : : : . 
$ E.d? = ae read £= ae predicted the possible production of coupled time-varying 


electric and magnetic fields, the variation in one field acting as the source for the other field. 


d 
This f Bae = H&E = and 


_zdọ 
pEde = a 


together, as Maxwell’s first two equation in electromagnetic wave theory predicted the production 
EM waves, which travel with the speed of light. 


Along with the above two equations, the equations for Gauss’s theorem in electrostatics and magnetism 
1 

(namely $ E.dS = — (q) and $ B.dS = 0 ) were used by Maxwell to develop the complete thoery 
E 0 


of EM waves. 

Hertz experiments to produce and detect EM waves demonstrated the validity of Maxwell’s theory. 
The main properties of Em waves are: 

(i) | They are made up of coupled time varying electric and magnetic fields (simusoidally varying). 
(ii) | The variation is E-field produces the B-field and vice-versa. 


(iii) E and B fields one mutually perpendicular and both are perpendicular to the direction of 
propagation of the EM wave, such that: E x B is along v (the wave velocity). (This established 
the transverse nature of the EM-waves. 


(iv) E and B vary in same phase. 


(v) The equation for the sinusoidal E and B fields propagating in space along the x-direction can 
be expressed as: 
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(vi) 


(vii) 


(vit) 


(x) 


(x) 


(xi) 
(xii) 


E=E,sin(@t—kx)j and 
B=B, sin (ot —kx)k 


2m 


where, œ= 2v isthe angular frequency ofthe wave and k = 7 


is the angular wave number. 


@ . ae a 
Also, X = V is the wave velocity, which is along the x-direction, here. 





1 
v =c for free-space, where € = i 
V Hoe 


For any material medium, 





EM-waves carry energy. Where these waves are absorbed, the enery gets transferred to the 
material which absorbs the waves. 


The average energy density carried by the E and B fields are respectively, 
2 


= 1 2 = 1B 
Ur = — £E mns and Ug =——= or 
2 2 Ho 


= = B? 
or Us sE and Usg B 
4 4 W 


U, =U, (ie. both E and B fields carry same amount of energy). 


The total energy density ofan EM-wave is 
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The intensity (1) of EM—waves is defined as the total energy flowing through unit normal area 
in one second. 


I=Uxc 
1l 2 2 
or I=7 ear (or Io E?) 


Since EM-waves carry energy and momentum these waves can exert pressure (called radiation 
pressure) on the incident surface for total absorption, 


U Total energy absorbed 








Momentum, P = — = = : 
c Speed of light in free space 
an Changein momentum 
and radiation pressure = 
Surface area 
_P 
A 


Pointing vector S is defined as: 


1 











S =—(ExB) 
Ho 
ExB eee : : eer : 
Also, I= |S| = ; the direction of this vector gives the direction of propagation of the 
Ho 
EM-wave. 


To produce a continuous train of EM waves, we need an oscillating / accelerating charge. This 
is done with the help ofa dipole antenna connected to oscillating voltage source. The frequency 
of EM waves is exactly equal to the frequency of the oscillating charge or oscillating voltage 
source. 


The electromagnetic spectrum consists of different regions; namely. Radio waves, micro waves, 
infrared radiations, visible light, ultraviolet rays, xrays and gamma rays, in the ascending order of 
their frequency. 
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Unit-15 : Electromagnetic Waves 
Easy Source of Electromagnetic Waves 
1. Electromagnetic waves are produced by 


(1) charges at rest, having the same linear charge density along two mutually perpendicular 
directions. (Incorrect) 


(2) equal charges, moving with equal uniform velocities, along two mutually perpendicular directinos. 


(Incorrect) 
(3) planer rectangular coils having a steady current flowing through them. (Incorrect) 
(4) charges that move with a continuously changing velocity (Correct) 


Correct answer: (4) 
Solution: 


Maxwell’s theory, of EM waves, tells us that charges, when accelerated, radiate EM waves. It is only 
charges, moving with a changing velocity, that can be regarded as accelerated charges. Therefore, it is only 
such charges that can be a source of EM waves. 


Unit-15 : Electromagnetic Waves 


Average Equations for EM Waves 
2. An electromagnetic wave, propagating along the x-axis, can be represented by the 
equations: 
Gd) E, =E, sin(ky—ot); B, = B, sin(kz—ot) (Incorrect) 
(2) E,=E,sin (ky = at); B, =B,sin (ky- ot) (Incorrect) 
(3) E,=E,sin(kx—ot); B, =B, sin(kx-ot) (Correct) 
(4) E,=E,sin (ky —ot); B, =B, sin (kz-ot) (Incorrect) 


Correct answer: (3) 
Solution: 


For an EM wave, propagating along the x-direction, the electric and magnetic fields have to be along the 
y (/z) and z (/y) directions. Further there magnitudes show a simusoidal variation, for different points along 
their direction of propagation, i.e, along the x-axis. This simusoidal dependence, on x, corresponds only 
to the equations given in option (3). 
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Unit-15 : Electromagnetic Waves 


Features of EM Waves 


3. From the following, the only incorrect statement, about EM waves, is the statement: 


(1) 


(2) 


(3) 
(4) 


“EM waves can correspond only to self-sustaining oscillations of electric and magnetic fields in 
vaccum”. (This statement is incorrect) 


“We do not need the hypothesis ofthe (hypothetical) medium ‘the ether’, to understand the 
production, and propagation, ofEM waves”. (It is a correct statement) 


“EM waves can propagate through material media”. (It is a correct statement) 


“The standard, of length, the metre, is defined in terms of the (strictly) constant value of the 
velocity of EM waves in vaccum”. (It is a correct statement) 


Correct answer: (1) 


Solution: 


Statement (1) is incorrect, because of the presence of the word ‘only’ in it. EM waves can correspond to 
selfsustaining oscillations of electric and magnetic fields, in vaccum, as well as in material media. 


Statement (2), (3) and (4) are all (now) well known correct statements about EM waves. 


Average 


Unit-15 : Electromagnetic Waves 


Relating E and B Vector 


4.  Theelectric field, in a plane EM wave, has a value (9Vm" )ij , ata point (a, b, c) in space at 


a time, t,. The velocity of this wave is given by c = (3 x10°m/ s)i . The magnetic field, in 


this wave, at the point (a, b, c), and at time t,, would be given by 


(1) 


(2) 


G) 


(4) 


B= (3x10*T)(-k) (Incorrect) 
B =(27x 10°T)(k) (Incorrect) 
B= (3x10 °T)(k) (Correct) 
B= (27x10°T)(-k) (Incorrect) 
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Correct answer: (3) 
Solution: 


The magnitude of the magnetic field, in an EM wave, is related to the corresponding magnitude of electric 
field, through the relation 


E 
B=— 
Cc 


9 
Hence the magnitude of the magnetic field (at the same point and at the same time), equals ki) T; 


i.e. 3x 10°T. 


Further, the direction of propagation (i.e., the direction (n) in which energy is transferred, by the EM 


(ExB) 


|ExB| 





wave) is related to the directions of E and B, as n= 


Here n =i (given). We, therefore have 


+ (B) ; 


Wi 
B| 
This gives k asthe direction of B. 


Hence B = (3 x10°)k 


Unit-15 : Electromagnetic Waves 
Difficult Relating Directions of E and B 


5. Themagnetic field, (at a particular point x, at a time t,) in a plane EM wave, is given by 


B=B, =(B,sin(kx, +ot,) |j 


The electric field, for this EM wave again at the point x, and at the time t,, would be 
represented by 


(1) E=E, =| cB, sin(kx, +at,) |(k) (Correct) 


596 


UDAON 


A program to give wings to girl students 





2) E=E,=[cB,sin(kx, +ot,) | (-«) (Incorrect) 
3) E=E,= [ cB, sin (kx, — ot, )(&) (Incorrect) 
(4) E=E, =[cB,sin(kx, ot, (4) (Incorrect) 


Correct answer: (1) 
Solution: 


A close look, at the equation for B, (where there is a +sign between the x and t terms) reveals that the EM 


wave is propagating along the (—x) axis, i.e., has the direction (-i) ; 


E) « 


The direction ofE x B, i.e. © i j| > must, therefore, be (-i) . Hence the direction of E has to be along 
(+ k) . We also cannot have a representation of E (where there is a (~ve) sing between the x and t terms) 
which implies that the EM wave is propagating along the (+ x) axis. The amplitude of |E| is cB,. Hence the 


overall correct representation of E is the one given in option (1). 


Unit-15 : Electromagnetic Waves 


Average Wavelength Estimation 
V . . . 
6. The electric field (in a ), in a plane EM wave propagating along the x-axis, is given by 
E =E, =| 9sin(10°x-3x10"t) |k 


The wavelength, à,, of this wave, and the amplitude B „ of its magnetic field, are given by 


(1) A, =1.26x107m;B, =3x10°T (Incorrect) 
(2) 4, =0.63x10°m;B, =3x1l0°T (Correct) 
(3) A, =1.26x107m;B, =27x10°T (Incorrect) 
(4) 4, =0.63x10°m;B, =27x10°T (Incorrect) 
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Correct answer: (2) 


Solution: 
Comparing the given equation with its standard form, namely, E, = E, sin ( kx- ot) , we find that 


k= 2" -10'm 
À 


a = Em = 6.28410" m 


z= 0.63cm 


E 
Also, the amplitude, B,, of the magnetic field, equals = . Hence 


9 
° 3x105 





T =3x10°T 


Unit-15 : Electromagnetic Waves 
Average Frequency Estimation 
7. The magnetic field, (in tesla) in a plane EM wave, propagating along the x—axis, is given by 
B=B, =3x10*sin(10°x-3x10" t) 


The frequency of the EM wave, and the part of the EM spectrum, to which this wave could 
belong, are given, respectively, by 


(1) 23.9 GHz; (short radio waves / microwaves) (Incorrect) 
(2) 23.9 GHz; (infrared waves) (Incorrect) 
(3) 47.7 GHz; (infrared waves) (Incorrect) 
(4) 47.7 GHz; (short radio waves / microwaves) (Correct) 


Correct answer: (4) 


Solution: 
Comparing the given equation with its standard form, namely, B, = B, sin (k x ot) , we find that 


o(=2nv) =3x10''s 
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3x10" 
v= 
T 


Hz = 47.7 x10° Hz 


=47.7 GHz 


This frequency corresponds to the (short radio wave / microwave) part ofthe EM spectrum. (The infrared 
waves have frequencies of the order of 10” Hz to 10'* Hz). 


Unit-15 : Electromagnetic Waves 
Average Estimating the Velocity of EM Waves 
8. The electric field (in SI Units), in a plane EM wave, propagating along the x-axis, is given 
by 
E = Ez = 27sin (1.02 x10x-2.95x10't) 


The speed of propagation of this wave (as per this data), and the part of the EM spectrum, 
to which this wave corresponds, are given respectively, by 


(1) 3.01108 m/s; (visible) (Incorrect) 
(2) 2.89108 m/s; (visible) (Correct) 
(3) 3.0110 m/s; (infrared) (Incorrect) 
(4) 2.89108 m/s; (infrared) (Incorrect) 


Correct answer: (2) 


Solution: 


Comparing the given equation, with its standard form, namely E, = E, sin (kx -ot ) , we find that 
K(- =) =1.02x10’m™ and w(=2nA)=2.95x10"s" 


20 
1.02 





s. We get à = x10-7m =6.160x10"m 


=6160A 


This corresponds to the green colour in the visible part of EM spectrum. 


o 
Also speed of propagation = vA = i 
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_ 2.95x10!5 


= ———- m/s 
1.0210’ 


=2.89x10°m/s 


Unit-15 : Electromagnetic Waves 
Average Writing the Equation for Electric Field of an EM-Wave 


9. An EM wave has a wavelength 6.284x11” m and a frequency 4.7710" Hz. It is propagating 
along the (+x) - axis and its magnet field oscillations are along the (-y) - axis. The electric 


field, for this wave, can be represented [in its standard form E = E, sin ( kxF at)] as 


(1) sin(10’x+2.995x10"t) (Incorrect) 
(2) E, =E,sin(2.997x10'*x+10’t) (Incorrect) 
(3) E, sin (2.997 x10'° x —10’t) (Incorrect) 
(4) E, =E,sin(10’x +2.997-10'*t) (Correct) 


Correct answer: (4) 
Solution: 


We have 
k= = and w=2nv 


- Inthe given case 


2n 


=m =10’m" 
6.284x10 








and @ = 2nv =2n(4.77x10")s' =(2.997x10'*)s" 


We, therefore, use these values ofk and œ to write the equation in its standard form. We need to use the 
(—ve) sign between the x and t, terms as the wave is propagating along the +x—axis. Further, the elctric field 
has to be along the z-axis, the third of the three perpendicular directions, satisfying the condition that the 
direction of propagation is along EXB. 
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Unit-15 : Electromagnetic Waves 


Difficult Writing the Equation for the Magnetic Field of an EM-Wave 


10. An EM-wave has a wavelength of 3142 A and a frequency of 9.54x10"* Hz. Its electrical 
field oscillations are along the x-axis and it is transmitting energy along the (+ z)—axis. The 
equation, representing its magnetic field oscillations in the standard form (like 


B, =B, sin(kx Ft), would be: 


(1) B, =B,sin[ 2x10’ x-5.99x10"t| (Incorrect) 
(2) B, =B,sin[ 2x10’z—5.99x10"t | (Correct) 
(3) B,=B,sin|5.99x10"z-2x10't | (Incorrect) 
(4) B, =B,sin[5.99x10"°'x—2x10't| (Incorrect) 








Correct answer: (2) 
Solution: 


The direction of transmission of energy (given to be along the z-axis) is also the direction of the cross 
product E x B. Since E is (given) oscillating along the x-axis and E x B is along the z-axis, the oscillations 
of B has to be along the y—axis. From the given data 


2m 20 
A 3142x107" 





=2x10 m" 
and œ= 2rv =272x9.54x10"s! =5.99x10" s7 
The direction of propagation, being the (+ z)-axis, we would write 


B =B, sin(2x10’z-5.99x10" t) 


Unit-15 : Electromagnetic Waves 
Average Electromagnetic Spectrum 


11. The oscillating electric field (E,) ofan EM wave (1), and the oscillating magnetic field (B,), 
of an EM wave (2), are represented, respectively, by 


E, =E, sin(10'°x—3x10"'t) 
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and B, =B, sin(6x10°z—1.8x10"t) 


The parts of the EM spectrum, to which waves (1) and (2), are likely to belong, are 


(1) UV rays and microwaves, respectively (Incorrect) 
(2) y-rays and infrared rays, respectively (Correct) 
(3) x-rays and radio waves, respectively (Incorrect) 
(4) UV rays and microwaves, respectively (Incorrect) 


Correct answer: (2) 


Solution: 
For wave (1), k = (10° )m" 


(5 oe m 
k 


This wavelength value corresponds to Y—rays. 
For wave (2), k = (6 x10° )m" 


20 


~ 6x10° 





À ~1.02x10°m 


=10200 A 


This wavelength value corresponds to infrared rays. 


Hence waves (1) and (2) are likely to be y -rays and infrared rasy, respectively. 


Unit-15 : Electromagnetic Waves 
Average EM Spectrum 
12. The equation E = E, sin (k x- ot) could represent the oscillations of the electric field of a 
microwave if k and œ have the values 
(1) 10° mr! and 3x10'* s-t, respectively (Incorrect) 


(2) 10’m'and 3x10" s", respectively (Incorrect) 
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(3) 6x10? mand 1.8x10''s", respectively (Correct) 
(4) 6x10? nr'and 1.8x10’s", respectively (Incorrect) 
Correct answer: (3) 


Solution: 

For option (1), A =2mx107'°m (x-rays) 

For option (2), 2 = 227x107’ m (visible light) 

For option (3), A =1.05x10m = 1.02 cm (microwaves) 
For option (4), 4 = 1.05x102m (radiowaves) 

(In each case, the value of œ is (= ck) , as it should be) 


Hence only option (3) could correspond to the representatin of microwaves. 


Unit-15 : Electromagnetic Waves 
Average Related Values of œ and k, for an EM Wave 
13. A student writes the following expression for the oscillations of the magnetic field of an em 


wave: B = B,sin(10" x -—3*10"'t) 


Assuming that his choice of the value, of the coefficient of x, is correct, the value, of his 
quoted coefficient of t, is 


(1) _ less than the correct value by (nearly) 2.7 107! (Correct) 
(2) more than the correct value by 2.7x10*! (Incorrect) 
(3) less than the correct value by (nearly) 3x10” (Incorrect) 
(4) more than the correct value by 3x10” (Incorrect) 


Correct answer: (1) 


Solution: 
As per the stand form ofrepresentation, namely B = B,sin (10° x-3x 10”t) 


the values ofthe coefficient ofx and t, correspond to ‘k’ and 'œ', respectively. 
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Since = =c (the velocity ofem waves), we have œ = ck = (3 x108 )k 


z. Ifk is 10%m, we should have @ =3x102!s7! 
The given value is œ =3x10”s"' =0.3x107's" 


~<. The given value is less than the correct value by (3-0.3)x107's (or 2.7x107's ) 


Unit-15 : Electromagnetic Waves 
Average Related Values of œ and k, for an EM Wave 
14. A student writes the following expression, for the oscillation of the electric field of an em 
wave: E, = E,sin(6*10"'z—1.8x10"t) 


Assuming that she has correctly written the value of the coefficient of t, the value of the 
coefficient of x, given by her, is 


(1) less than its correct value by (nearly) 5.4«10"m! (Incorrect) 
(2) morethan its correct value by (nearly) 5.4x10"m" (Correct) 
(3) less than its correct value by (nearly) 6.6 10"m! (Incorrect) 
(4) more than its correct value by (nearly) 6.6x10"m" (Incorrect) 


Correct answer: (2) 


Solution: 


As per the standard representation, namely E, = E, sin (kz- ot) , the value, of the coefficient of z, 


corresponds to k and that, ofthe coefficient oft, corresponds to œ. We also have k = 2 
c 


1.8x10" 


oe tia =6x10"°m! 
3x108 


<. For the given (correct) value of (= 1.8x10” ), we should have k = 


The given value is k = 6x10''m™ =60x10"m7 


This is more than the correct value by (60 -6)x10"m™ = (54x 10" )m™ =5.4x10" m" 
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Identifying the Part of the EM Spectrum 


15. The oscillation, of the magnetic field, of an EM wave, propagating along the x-axis, are 


represented by B = B,sin(kx —ot) 


This EM wave could be visible light if the values of k and œ are (nearly) 


(1) 100m" and 3x10": s, respectively 


(2) 108m and 3x10" s~!, respectively 
(3) 10’m'and 3x10" s~!, respectively 
(4) 10°m'and 3x10" s~!, respectively 


Correct answer: (3) 


Solution: 


2T 
We have k = EH 


pe 
k 


For option (1) 
k =27x10 m" =6.14 A 
For option (2) 
h=2nx10*m=614 A 
For option (3) 
h=2nx107m=6140 A 
For option (4) 


X= 2nx107°m =6.14 mm 


(In each case, the value of œ (= ck) , has been correctly quoted). 


(x —rays) 


(uv —rays) 


(visible light) 


(microwaves) 


Hence only option (3) could correspond to visible light. 
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(Incorrect) 
(Incorrect) 
(Correct) 


(Incorrect) 


Average Characterstics of EM Waves 


16. In the figure drawn here, the points A, B, C, D, E, F and G, on the x-axis, correspond to 
radiowaves; infrared waves, visible light, x-rays; microwaves, uv rays and y —rays, in that 
order. The points P, Q, R, S, T, U, V, shown in the figure correspond to certain values, of a 
varible y, of these waves, on the y—axis. The variable y, could be the 


-------- GA 


------07 
-----------0on 
areca = 


sao 





ABCDEFG 


(1) wavelength (à) , or the angular frequency (œ) , ofthese waves (Incorrect) 
(2) frequency (v) , or the wave number (k), ofthese waves (Correct) 
(3) angular frequency (o) , or the velocity (v) of these waves in vaccum (Incorrect) 
(4) velocity (v), in vaccum, or the wave number (k), of these waves in vaccum (Incorrect) 


Correct answer: (2) 
Solution: 
For the given order of points A, B, C, D, E, F, G; the frequency increases for the first four waves; then 


decreases (to a value between the first two radius); then increases but to a value between the third and 


2m 
fourth values and finally increases to a value higher than all the other values. The wave number K - =) 


showss a similar behaviour (This is in accord with the changes in the values of variable Y, as show in the 
figure). The wavelength à behaves is an exactly opposite manner while v has the same value for all the 
waves. 


Hence option (2) is the only correct option. 
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Unit-15 : Electromagnetic Waves 
Average Characterstics of EM Waves 


17. An em wave is propagating along the positive x—axis. The representation, of the oscillations 
of its electric field, and the direction of oscillations of its E and B vectors, could then be 


(1) E=E,sin(kx-ot);(E=E, and B=B,) (Correct) 
(2) E=E,sin(kx-ot); );(E=E, and B=B,) (Incorrect) 
(3) E=E,sin(kx+ot);(E=E, and B=B,) (Incorrect) 
(4) E=E,sin(kx+ot); ;(E=E, and B=B,) (Incorrect) 





Correct answer: (1) 
Solution: 


The wave is propagating along the (+ ve) x-axis. Hence we need to have a (— ve) sign between the ‘x’ and 
‘t’ terms in the representative equation of the oscillations ofits electric field. 


Further, the cross product (E x B) must also have the direction of propagation of the em. Waves, i.e. the 
(+ ve) x-axis. This is possible if we take (Œ = E) and (B = Bz); the other choice (E = E, and B= B) gives 
the direction of (E x B) as the (— ve) x-axis. 


Hence option (1), consistent with both these requirements, is the correct option. 


Unit-15 : Electromagnetic Waves 
Easy Electromagnetic Spectrum 


18. The angular frequencies, for three em waves E, E,, E, have values œ, œ, and @,, 


respectively. If œ, is greater than both œ, and œ, and œ, is less than œ, , the three em 
waves could be, respectively, 


(1) x-rays, visible light, microwaves (Incorrect) 
(2) y-rays,uv-rays, microwaves (Incorrect) 
(3) visible light, infrared rays, radiowaves (Incorrect) 
(4) uv-rays, radiowaves, visible light (Correct) 


Correct answer: (4) 
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Solution: 


We are given that œ, >(@, or œ, ) and @, < ©; 


~. The angular frequencies are in the order œ, > @, > @, 


The three em waves must, therefore, have their frequencies as per this requirement. In allthe options given, 


®, is greater than both œ, and œ, . However, in the first three options, œ, < œ; . It is only in the fourth 


option that we have œ, < œ, . Hence option (4) is the correct choice. 


Unit-15 : Electromagnetic Waves 


Average Electromagnetic Spectrum 


19. 


The wave number (k), for three em waves (x,, x, and x,) has value k,, k, and k,, respectively. 
It is given that k, is less than both k, and k, while k, is greater than k,. The three em 
waves, (x,,X,, x,) could then be 


(1) infrared rays, uv rays, visible light (Correct) 
(2) visible light, uv rays, y —rays (Incorrect) 
(3) _ radiowaves, visible light, uv rays (Incorrect) 
(4) microwaves, visible light, y —rays (Incorrect) 


Correct answer: (1) 


Solution: 


We have k = 2n 
À 


.. We must have à, more than both à, and À, . 


Also we must have 1, less than À, . Hence the three em waves must have their wavelenghts in the order. 


A >A >A, 


This ordering of wavelenghts is valid only in option (1). In all the other three options, 1, is more than À, . 


Hence option (1) is the correct choice. 
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Unit-15 : Electromagnetic Waves 
Difficult Electromagnetic Spectrum 


20. The velocity (v), in a given material medium, has values v,, v, and v,, respectively for three 
em waves (y,, y, and y,). It is given that v, is more than both v, and v, but v, is less than v,. 
The three em waves (y,, y,, y,) could than be, respectively 


(1) yY —rays, uv rays, visible light (Incorrect) 
(2) uvrays, visible light, microwaves (Incorrect) 
(3) | infrared rays, uv rays, radiowaves (Correct) 
(4) x-rays, visible light, infrared rays (Incorrect) 


Correct answer: (3) 


Solution: 


B 
We know that the refractive index ofa medium decreases with increase in wavelength > u=A+ >) . 


, speed of light in vaccum . ae . 
Further, since u = — ——, adecrease, in the value of p , implies a higher value ofthe 
speed of light in medium 





speed of light in the medium. We, therefore, can conclude, that: 

‘Higher wavelength implies a higher speed of light in the medium.’ 

We are given that v, > (v, or v,) and (v, < v,). Thus v, > v, > v, This implies à, > à, > à, . This sequence 
of wavelengths values is valid only in option (3). 


Hence option (3) is the correct choice. 


Unit-15 : Electromagnetic Waves 
Difficult Electromagnetic Spectrum 


21. Anem wave is propagating along the (+) x—axis. Let there be a point charge initially at rest 
located in some plane parallel to the y—z plane. At a time instant, just (infinitesimally) 
greater than the instant at which the em wave reaches this plane, this charge could 
experience forces, due to the E and B fields, of the em wave, along the 


(1) y-axis and x-axis, respectively (Correct) 


(2) z-axis and y-axis, respectively (Incorrect) 
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(3) x-axis and y-axis, respectively (Incorrect) 
(4) y-axis and z-axis, respectively (Incorrect) 
Correct answer: (1) 


Solution: 


When the wave propagates along the (+) x-axis, its E and B fields oscillate in the yz plane; the E field 
along the y-axis and B field along the z-axis. (This is because E x B has the same direction as the direction 
of propagation, i.e. + x — axis, in this case). 


The charge, initially at rest, experiences a force due to the E field, along the y—axis. If thus acuiqres a 
velocity along the y—axis. The magnetic field B (along the z—axis) would then exert a force along the x—axis 
(the direction of v x B). This could happen at a time instant just infinitesimally greater than the time instant 
at which the em wave reaches the plane containing the charge). 


Unit-15 : Electromagnetic Waves 
Easy Transfer of Energy by EM Waves 
22. EM waves can transport energy; 
(1) however, it is only the E field that contributes to this transfer of energy (Incorrect) 
(2) however, it is only the B field that contributes to this transfer of energy (Incorrect) 


(3) both the E and B fields contribute to the transfer of energy; their contributions are in the ratio 
2:1 (Incorrect) 


(4) both the E and B fields contribute to the transfer of energy; their contributions are in the ratio 
1:1 (Correct) 


Correct answer: (4) 
Solution: 


EM waves, (having energy associated with their electric and magnetic fields) can transport energy from 
one place to another. 


Both the electric and mangetic fields contribute, in this transfer of energy. Further, the energy of an EM 
wave, is shared equally between its electric and magnetic fields. Hence the ratio of their contributions, in 
the transfer of energy, equals (1 : 1). 


Unit-15 : Electromagnetic Waves 
Easy Transfer of Energy and Momentum by EM Waves 


23. (1) EM waves can transport energy (through their E field) but not momentum (Incorrect) 
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(2) EM waves can transport energy (through their B field) but not momentum (Incorrect) 
(3) EM waves can transport energy as well as momentum (through their E field only) (Incorrect) 


(4) EM waves can transport energy as well as momentum (through their E and B fields ) 
(Correct) 


Correct answer: (4) 
Solution: 


EM waves (having energy, associated with their electric and magnetic fields) can transport energy from 
one place to another. 


It has been shown that they can trasnfer momentum also. 


(Total energy transferred) 








(Total momentum delivered 
c 


The electric, and the magnetic fields, of an em wave, contribute equally in this transfer ofenergy and 
momentum. 


Unit-15 : Electromagnetic Waves 
Easy Energy Density of the E and B Fields 


24. The (instantaneous) energy density (energy per unit volume) of the electric and magnetic 
fields, of an em wave, are equal, respectively, to 








1 E? 1 > ., IE 1B? 
(1) TA and zB ; with OTA (Incorrect) 
0 0 0 
LE? Ml ee cee, LE B? 
(2) E and a uB“; with ie = TA (Incorrect) 
0 0 0 
1 1B. 1 1 B? 
(3) eE and ae ; with 5 sE = Zik (Correct) 
1 1B? . 1 1B’ 
(4) fe and 2p ; with 5 eB” # 2y (Incorrect) 
0 0 


Correct answer: (3) 
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Solution: 


The (instantaneous) energy density (energy per unit volume), of the electric and magnetic fields, ofan em 
wave, is given by; 


1 oo 
(Volume) energy density of electric field = 5 &)E° 


2 


and (volume) energy density of magnetic field = 2u 
0 


Here E and B refer to the instantaneous values ofthe electric and magnetic fields. 


The energy, ofan em wave, in shared equally between its electric and magnetic fields. We, therefore, also 
have 


pt LE i 
7% 2 Uy’ (at all instants) 
Unit-15 : Electromagnetic Waves 
Easy Transfer of Energy, Momentum and ‘Pressure’ by EM Waves 


25. Ithas been experimentally demonstrated that 
(1) EM waves can transport energy but not momentum (Incorrect) 


(2) EM waves can transport energy but not momentum; however, they do exert a ‘radiation 
pressure’ (Incorrect) 


(3) EM waves can transport both energy and momentum; however, they do not exert any ‘radiation 
pressure’ (Incorrect) 





(4) EM waves can transport both energy and momentum; they also exert a ‘radiation pressure’ 
(Correct) 


Correct answer: (4) 
Solution: 


EM waves (having energy associated with their electric and magnetic fields) can transfer energy from one 
place to another. 


It has been shown that they can transfer momentum also (Total momentum delivered in time At) 
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Ap 
The average rate of transfer of momentum (= 2e) >» equals the force exerted on the surface (absorbing 


At 


the radiant energy). This force, per unit area of the surface, would then equal the ‘radiation pressure’. 


Unit-15 : Electromagnetic Waves 


Average 


Energy Transfer by EM Waves 


26. The total energy transfered to a (perfectly black) surface of area A (located normal to the 
dirction of propagation of the EM wave) and thickness d, by an em wave, over one complete 


cycle, can be expressd as 


(1) Ze (E 


J +B) |(aa) 








(2) E Ho 

1 E? p Bow (Ad) 
O an a a 

[1 2 1 2 
(4) 5 EE ms T Bn (A0) 


Correct answer: (3) 
Solution: 


We know that 


Peai 
(Volume) energy density of electric field = p &)E° 


1(B 
(Volume) energy density of magnetic field = > (=) 


0 
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The energy, ofthe em wave, is shared equally between its electric and magnetic fields. 


Over one complete cycle, we need to use E „and B in the above expressions. 


[We cannot use Ẹ and B , as these equal zero each over one complete cycle]. 
The volume absorbing this energy = (Ad) 


Hence total energy transferred over one complete cycle 


2 
= l : A t Ben Joa 
2 2 Hy 





Unit-15 : Electromagnetic Waves 


Difficult Force due to EM Wave 


27. An electromagnetic wave (of frequency v), propagating along the x-axis, is incident normally 
on a perfect black surface of area A and thickness d. The average force, exerted on the 


surface, over one complete cycle, of this EM wave, is 





[1 1 B2, |/ Avd 
(1) [38E ( 


L 2 Hy JK e 
[i a 1B] 
2) eeta (cAvd) 





1 1 B? c 
G) |5 E Em t5 
2 2 m |\Avd 





(4) 2 &E rms 








[T +} Bon | 242) 


Correct answer: (1) 
Solution: 


We know that 


l oo 
(Volume) energy density of electric field= 5 &)E° 
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1{ B? 
(Volume) energy density of magnetic field = > (=) 
0 


The energy, ofthe em wave, is shared equally between its electric and magnetic fields. 


Eo 
V2 


.. Total energy transferred over one complete cycle 


B 
Over one complete cycle, we need to use Ems [- and B ms (> =: in the above expressions. 





2 
-U= f sE? ++ Bms aa 
2 2 Uo 








1B. TA 
<. Momentum delivered = p y -| sE? } mms [ J over one cycle. 
c c 


1 
Time taken = Time period = AE 


Pgo 
. Average force = (=) 
v 


2 
E LE. „1 Bins [=] 
2 2 W c 


Unit-15 : Electromagnetic Waves 





Difficult Energy of an EM Wave 
28. The oscillatory electric field, of an em wave, propagating along the + z-axis, is represented 
by E, =E, sin(kz—ot). 
This em wave is incident on a perfectly black circular disc, of diameter d and height h, 


located parallel to the x-y plane. The total energy absorbed by this surface, over one 
complete cycle of this em wave, would equal 


ndhE; 
(1) Buc (Correct) 
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nd’h E? ji me | 








(2) 2 2 (Incorrect) 
16c°ug c 
nd°hE; 1 

(3) ie E + cu (Incorrect) 

0 

nd’h E; 

> “ga (Incorrect) 

0 


Correct answer: (1) 
Solution: 


We know that 


1 
(Volume) energy density of electric field= 3 £E? 


0 


1({ B? 
(Volume) energy density of magnetic field = 5 (=) 


The energy ofthe EM wave is shared equally between the electric and the magnetic fields. 


Over one complete cycle, we need to use E „and B in the above expressions. 


E B 
E,,. =—* and B,,. =—* 
Also # ms h rms 2 


E 
We also have Bo = (=) 


nd’ 
The volume ofthe circuluar disc = 4g h 


. Total energy delivered over one complete cycle 


2 2 
_ LE, 1 Be. || ad h 
2 2m (4 
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2 
=} (nan) sE? + Eo = 
16 Cug 


nd’hs E; — nd*hE; 
8 8uc? 





nd’h 
16 





E 


7 
0 


gfi 
(3 
< Uo& a 


1 


2 
C Eho 
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Unit-15 : Electromagnetic Waves 


Difficult 


Energy Transfer by an EM Wave 


29. The oscillatory magnetic field, of an em wave, propagating along the (—) x-axis, is 


represented by B, =B, sin(kx + ot) 


This em wave is incident on a perfectly black circular disc (or radius r and thickness d) kept 
parallel to the y—z plane. The total energy, transferred to this disc, over one complete 


cycle, by this em wave, would equal 


B? 


0 


w a 


a = “+, |(ma) 





2 
(3) 2 ki + o (æa 
(4) By EC? Ela 
4 L Ho 
Correct answer: (4) 
Solution: 
We know that 


1 2 
(Volume) energy density of the electric field = p &,E" 


(Volume) energy density of the magnetic field = 7 i 


1B 


2 


0 
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The energy, ofthe em wave, is shared equally between the electric + magnetic fields. Over one complete 


Bo 


E 
cycle, we need to use Ems |- ža) and Bins |- Be) in the above expressions. 


Also E, =cB, and c= 


1 


y Ho£0 





<. Total energy, transferred to the disc, over one complete cycle 


2 


-|z EEZ 4 L Bans (æ 


2 Hy 








Unit-15 : Electromagnetic Waves 


Difficult Pressure due to EM Waves 


30. 


The oscillatory electric field, of an em wave propagating along the (+ x) direction, is 
represented by E, = E, sin(kx — ot) 
This em wave is incident on a perfectly black surface (of area A and thickness d), located in 


the y—zplane. The average, rediation pressure, due to this em wave, on this surface, over 
one complete cycle, would equal 











Lelga (=) 
(1) 30} “o une | 2m (Incorrect) 
I a c? )|( ad 
D |] Eo] & 4 m jJ 2x (Incorrect) 
Ej, @d 
G) |Fr eo (Incorrect) 
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Ev od 
(4) | Bes] (Correct) 


Correct answer: (4) 
Solution: 
We know that 


1 
Volume) energy density of electric field = > EE” 


1({ B? 
(Volume) energy density of magnetic field = 5 (=) 
0 


The energy ofthe em wave is shared equally between its electric and magnetic fields. 


Bo. ; 
Over, one complete cycle, we need to use E,,, = —* and B, = T is the above expressions. 


rms 


mae 


E 
Also B, =—* 
c 


<. Total energy, transferred to the surface, over one complete cycle 





1 1B 1 1 
=U= E? 4 mws || Ad] =— E? H Ad 
f E> rms 2 Ho | [ ] 4 0 fe uC? \ ) 


U 20 
<. Momentum delivered = PE Time period (for one cycle) = pz 


<. Average force F = 2.(7) = oU 





c (O) 27c 
F 
Average radiation pressure = — = ou 
A 2ncA 





E 1 [fed E od z i 
= Et 5 = g wo c =—— 
4c Hye | 2r Amu C L& 
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Unit-15 : Electromagnetic Waves 
Average Intensity of an EM Wave 


31. The intensity (I) of an em wave (having E, and B, as the ‘peak values’ for its electric and 
magnetic fields), can be expressed in the form: 








E? cB? 
(1) foo zi, (Incorrect) 
2c 2 
E? cB? 
(2) CEE g M (Incorrect) 
2 2 
(E cBå 
—€ E, or — 
(3) z oro 2, (Correct) 
4) “45 Ip, (Incorrect) 


Correct answer: (3) 
Solution: 
The intensity (at a given point), ofan em wave, equals the energy received there per unit area per unit time. 


Consider an em wave, propagating along the x-axis; consider a cylinder, ofunit area ofcross section, 
having a length c (c = velocity of em waves). The axis ofthis cylinder is assumed to be parallel to the 
direction ofpropagation ofthe em wave. 


The volume ofthis cyilnder is (1 x c)=c 


The em wave (covering a distance c in one second) would transfer a total energy. 





2 
U= f gE? +1 Bus k 
2 2 W 


Through the cross section (= unity) ofthis cylinder in one second. 


Hence energy transferred per unit area per unit time. 


i U 
= intensity ofwave = — =U 
1x1 


1 1 B? 
I= EEs H = |c 
2 © 2 Wo 
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c 2 re m 
= Aue 2E) í < HoE = +] 
E 1 1 
= TF a (e,E5)c 5 £,¢°Bs 
0 
_1 cB) 
2 Mo 


Unit-15 : Electromagnetic Waves 
Average Peak Value of Electric Field in an EM Wave 


32. The peak value of the electric field, in the light radiated by a given (point) source of power 
P, at a point distance r, from the source equals. 





e,P "1 

(1) aul F (Incorrect) 
p ÝA 

(2) fe (*) (Correct) 
2u k 1 

(3) (22) (*) (Incorrect) 

a) (2nce,P)” (5) (Incorrect) 


Correct answer: (2) 


Solution: 


The intensity, I, ofthe light radiated by a (point) source of power P, at a point distance r fromthe source, is 
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P 
l= 
Anr? 


The intensity also equals c times the total energy density of the relevant em wave. This implies that 


2 
[=g lE, H L Bans 
2 2 W 


P 1 7 
=c¢|2x| —e,E* 
4nr? | G . 3] 











1 1 B? 
E 2 EEs E 2 = | 
Ho 


P 
2 
27E, cr 


A 
bE) 
2TE,C r 





This gives E$ = 





Unit-15 : Electromagnetic Waves 


Average Peak Value of the Magnetic Field in an EM Wave 


33. A given (point) source, of power P, radiates light, which has a peak value, B,, for its magnetic 
field, at a point distant r from the source. The graph, showing the dependence of B, on r, 
would, then, be the graph labelled as graph 


Bo 


f 





r—> 
(K) 


(L) 
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d) K (Incorrect) 
(2) L (Correct) 
(3) M (Incorrect) 
(4) N (Incorrect) 


Correct answer: (2) 
Solution: 
The intensity, I, ofthe light from a (point) source of power P, at a point distant r from it, is 
P 
I= 
4nr? 


The intensity I also equals c times the total energy density ofthe relevant em wave. This implies that 


1 1 B? 
I=c|—8,E} +-—™ 
2 2 UW 











1 B? 1 B? 
=c E x— ms l i _ ms _ Leski) 
2 M 2 mW 2 
C © as B, 
=— Bms =Z B . B ms == 
Ho 2Ho ° | v2 
p? = ZHoy_2Ho P _/{ oP | 1 
0 2 2 
c c 4nr 2ne Jr 





4 
B, = Her ) : = const. 
2ncj r 2 


Thus B, œ l 
r 
This dependance of B, onr, is shown in the graph labelled as graph L. 
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Unit-15 : Electromagnetic Waves 
Average Comparison of Peak Value, of Electric Fields of Two EM Waves 


34. The peak value of the electric field, in the light radiated by a point source of power P, ata 
point, distant r, from the source, is E,,. The corresponding value, for a point source of 


E 
power P,, ata point, distant r; from the source, is E,,- The ratio [Fe equals 


02 














pry! 
11 
(1) E r (Incorrect) 
P eV 
aes 
(2) É r (Incorrect) 
pry! 
12 
(3) (2 r (Correct) 
D 
P. 2 
(4) E 7 ) (Incorrect) 


Correct answer: (3) 
Solution: 


The peak value, ofthe electric field (E,) ofan em wave, (at a point distant r from the source) is related to 
the power (P) ofthe source as 





P 1 (E,) 
te =e ara 2 (= Intensity) 


Ve ee 
°  2nr’ce, | 2nce, Jr? 


<. The required ratio is 
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Unit-15 : Electromagnetic Waves 


Average Comparison of Peak Value, of Electric Fields of Two EM Waves 


35. 


The ratio, of the rms values of the magnetic fields in the em waves, radiated by two point 
sources, at points distance r and R, respectively, from the two sources, is ‘s’. If the power 
of one of the sources is P, that of the other, would be 











PR? 

(1) is (Correct) 
Pr? 

2) | R25 (Incorrect) 
sR? 

3) | pe (Incorrect) 
rs 

(4) | pR? (Incorrect) 


Correct answer: (1) 


Solution: 


The rms value ofthe magnetic field (B__), ofan em wave (at a point distant r from the source), is related to 
the power, P, of the source, as 


rms 








P ás 2 1l Bi şi . 
4m O 7 K (=intensity) 
2 P Ho 
rms 4nr? c 
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For the given data, we then have 


Pe P w y c 4nr° 
Amr” c um P' 


where P’ is the power ofthe other source. 


P' r? 
2 
rs 





Unit-15 : Electromagnetic Waves 
Easy Momentum Transfer due to EM Waves 


36. Anem wave, originating from a source, is radiating out 10 J of energy per second. At a 
distance of 50 cm from the source, a perfectly reflecting surface, of area 81cm’, has these 


em waves incident on it. The average force, exerted on the surface, during a 30 seconds 








span would be 

(1) zero (Correct) 
l N 

(2) 3750c (Incorrect) 

1 

GB) | fase N (Incorrect) 
l N 

(4) 2500c (Incorrect) 


Correct answer: (1) 
Solution: 


The surface, being a perfectly reflecting surface, does not absorbe the incident em at all. Hence the energy 
absorbed, and, therefore, the momentum delivered to the surface, are zero each. The average force (= rate 
of change ofmomentum) is, therefore, zero. 
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Unit-15 : Electromagnetic Waves 


Average Relating between rms Value of Electric 
Field in an EM Wave + its Intensity 


37. The rms value, of the electric field, in the em waves, produced a point source, at a distance 


4 
of (=) in from the point source, is 2Vm™. Taking z, = 8.85 x 107” SI units and C =3 x 


10° ms“, we would find the power of the source to be (nearly) 


(1) 2.3 nW (Correct) 
(2) 1.15 nW (Incorrect) 
(3) 2.3 pW (Incorrect) 
(4) 1.15 pW (Incorrect) 


Correct answer: (1) 


Solution: 


Let P be the power of the source. The intensity, at a distance l Jm is then 


= 
Vn 
P W PW 


2 2 
an( 12) 64 m 
T 


[= 





1 2 
This equals 2 x Leni, | 


P =| 64x8.85x10-? x4 |W 


= 2265.6x10- W 
z 2.3nW 


Unit-15 : Electromagnetic Waves 


Average Relation between the Peak Value of the Magnetic 
Field of an EM Wave and its Intensity 


38. The peak value of the magnetic field, at a certain point, for an em wave is 9 nT. (It is given 
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that p, = 47 x10” SI units and c =3x10°ms™). The peak value, of its electric field, and 
its intensity, at the same point, would be (nearly) 


(1) 27X and 4.8x10° > (Incorrect) 
2) 54> and 9.7x107 `~ (Incorrect) 
(3) 54> and 4.8x10~ `~ (Incorrect) 
(4) 2. 1X and 9.7 x107 p (Correct) 


Correct answer: (4) 
Solution: 


E, = Peak value ofelectric field = cB, 


=3x10"x9x10° 32.7) 
m m 


I. 5 
Also intensity= € E x- Bis l 
2u 


0 


fee) pg 


8 
7 3x10 x<81x Maa 
8rx107 
_243 Taas 
8 m° 
apa 
m 
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Unit-15 : Electromagnetic Waves 
Average Intensity of EM Wave + Force Exerted on a Surface 


39. EM Waves having a uniform and constant, intensity I, are incident normally on a (perfectly 
black) surface of area A, for a time t. The average force (F), exerted on the surface by 
these em waves, depends on the time (t) in the manner shown in graph 


F F 

“i 00 f 
t— t —> 

F F 

vij @ f 
t— t —> 


(1) W (Correct) 
(2) X (Incorrect) 
(3) Y (Incorrect) 
(4) Z (Incorrect) 


Correct answer: (1) 
Solution: 


When EM Waves, of intensity I, are incident normally, on a surface of area A for a time t, the total energy 
absorbed by the (black) surface is 


U=IxAxt 
Therefore, the total momentum, delivered to the surface, is 


pup _lxAxt_IA 
t cxt c 





The average force thus does not depend on the time, t, for which the em waves are incident on. Hence the 
graph, between F and t, has the form shown in graph W. 
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Unit-15 : Electromagnetic Waves 


Aveage Radiation Pressure due to an EM Wave 


Ww 
40. EM waves, ofa uniform intensity I (=) , are incident normally on a perfect black surface, 


of area 10m”, for a time span of 100s. The graph between the ‘average radiation pressure’ 
P, (exerted on the surface by these em waves) and the intensity (I), of the incident radiation, 
would then be the graph, labelled as graph 


Pr Pr 
(K) 1 (L) 
I —> I —> 
Pr Pr 
(M) 1 (N) 
I —> I —> 
(1) K;and its slope would be zero (Incorrect) 
(2) L; and its slope would be (nearly) 3.33x 10° SI units (Correct) 
(3) M; and its slope would be (nearly) —5.55x10® SI units (Incorrect) 
(4) N;and its slope would be (nearly) + (6.66 x 10®) SI units (Incorrect) 


Correct answer: (2) 
Solution: 


When em waves, of intensity I, are incident normally, ona surface of area A, for a time t, the total energy, 
absorbed by the black surface, is 
U=IxAxt=(Ix 10x 100) J=(1000D J 


U 
The take momentum, delivered to the surface, is m 
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_ (10001), sie 


| 


~. Average force, exerted on the surface, is | -Z777 
cx100 


(O) 


a i 101 1 N 
, Average ‘radition pressure’ = x 5 
c 10/ |m 





I 


Pr =- 
C 


1 
The graph between p, and I is,therefore, a straight line with a slope = — 
c 


sale SI units 


n. Slope = 3 To 


=3.33x10° SI units 


Unit-15 : Electromagnetic Waves 
Difficult Radiation Pressure 


41. Electromagnetic waves of intensity I, are incident normally on a material surface. If the 
reflected, transmitted and absorbed parts of these waves (by the material) are in the same 
ratio, then the radiation pressure p experienced by the surface equals 


I 

QM ze (Incorrect) 
I 

(2) i (Incorrect) 
I 

G) 3¢ (Correct) 
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21 
O 3e (Incorrect) 
Correct answer: (2) 
Solution: 
Let U be the total energy ofthe EM waves received by the surface ofone A in time t. 
Therefore, intensity, I = Energy recieved per unit normal area in one second. 


ari 
At 


Now, momentum imparted for computer absorption (i.e. ifthe surface is a perfectly block-body surface), 


is; P=— 
c 


Pressure (p) exerted on the surface will then be: 


_ F _ Changein momentum / time 





A A 
ee 
on a A cAt c 
I , 
o P= z (for complete absorption) 


Now, for complete / total reflection, where the EM waves get bounced back with speed c, the change in 
momentum is, zero 


For complete transmission, p = 0 
1 1 ; 1 
Now, here, 3 gets reflected, 3 gets transmitted and 3 gets absorbed. 


5 


I 
<. The pressure exerted by each part, respectively will be 0, 0 and r ; 


Hence, the total pressure on the surface, here, will be; 


I 
Pressure = 0 + 0 + — 
3c 
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ms 
3c 
i I 
Correct answer is : P=>— 
3c 
Unit-15 : Electromagnetic Waves 
Difficult Poynting Vector 


42. An infinitely long thin wire has a uniform charge density of +} Cm” . The wire is placed 


along the z-axis and moved along its length with a uniform velocity v = v k. The magnitude 
and direction of poynting vector, at p (0, a, 0) in this situation, equal 














a) S= ao J along( rk) (Incorrect) 
(2) S= a — >, along( k) (Incorrect) 
O S= along( +2) (Conect 
(4) S= ao J along( k) (Incorrect) 


Correct answer: (3) 


Solution: 


The figure given aside represents the situation. Due to the uniform v along & , there will be a current 


I= Av, along k Now, consider a point P, on the y-axis, at a distance of ‘a’ from the wire. 


A 4 


The electric field at P, due to the charge on the wire is: E = 7 
TE a 








The magnetic field at P, due to the current Į = ày along k, is B = Hol (=) a ai i) 
2na 2na 


1 
S=—(ExB 
a ) 
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or S= l „BAY (ix i) 
Ho | 2me,a 27a 








Mev ^ 
or S= ar „along ( t k) 








Correct answer is (3) 


Unit-15 : Electromagnetic Waves 


Average Intensity of EM Wave / Poynting Vector 


43. The SI unit of the poynting vector (S) defined by the formula: S = tie xB) is 


Ho 
(1) volt—tesla (Incorrect) 
(2) volt—metre — ampere! (Incorrect) 
(3) joule — metre”? (Incorrect) 
(4) watt- metre”? (Correct) 


Correct answer: (4) 
Solution: 


The magnitude ofS is same as intensity (I) ofEM wave. 


.. [S| = I = energy transmitted through unit normal area in one second. 


= Vime 


Area (U = Energy) 


J 
S 


+, Unit of |S|=unit of I= = = Wm”? 


= watt — metre”? 


Answer (4) is correct. 
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Speed EM Waves 


44. An electromagnetic wave of frequency 3 MHz passes from vaccum in to dielectric medium 


of constant K = 4 and permeability 1, .The wavelength of this wave in the dielectric is: 


(1) 200m 
(2) 100m 
(3) 25m 
(4) 25m 


Correct answer: (3) 
Solution: 
Given, v = 3M Hz =3x10° Hz 


c=3x108 ms" (is vaccum) 





3x108 

=£ ==" -100m 
v 3x10 
Now, K = ¢,=4 


c 
Speed of EM wave in the medium will be v = = 


where nis the refractive index of the medium. 


1 
Here n=2= 


1 
V VHF yue 


y Ho£0 


_ VboKE, 


T Jas (=p, and €= K e, forthe given medium) 
070 











=VK 
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-J4 
=2 
i.e. refractive index, n= 2 


z. Speed of EM waves in the dielectric is: 


v= =1,5x108 ms” 
2 





But v=vA' (à =3x10° Hz) 
8 
nia ¥ 15x10 i 
v  3x10° 
=50m 


Unit-15 : Electromagnetic Waves 


Average EM Spectrum 


45. A monochromatic source of power 0.66 kW, and efficiency 100%, emits 10” photons is one 


second. These photons belong to the region of 
(1) x-rays 
(2) uv-radiation 
(3) visible light 
(4) infrarred waves 
Correct answer: (2) 
Solution: 


Given P = 0.66 kW = 0.66 x 10° W 


(Incorrect) 
(Correct) 
(Incorrect) 


(Incorrect) 


Since efficiency is 100% and source is monochromatic, all the photons have same energy (E = hv) and the 


entire power is converted to photons energy. Number of photon emitted in 1 second = 10” 


Total energy emitted is onesecond 





<. Energy ofone photon is E = o 
Number of photons emitted is one second 


P 
n 
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_ 0.6610" 


Ta =0.66x10™" J 


Now, E = hv = ?S 
À 





he 6.6x10™'x3x105 


N= 
E 0.66 x107'’ 


= 30x10°m 


=30nm (oruv rays) 
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Intensity of EM Waves 


46. A point source of electromagnetic radiation has an average power output of 135 W. The 
maximum value of electric field, at a distance of 3 m from the source, (in Vm") is: 


(1) 15/2 
(2) 30 

3) 30V2 
(4) 300 


Correct answer: (2) 

Solution: 

Intensity at a distance ofr = 3m from the source is: 
P 135 W 


ane 4nx9 m 

















Now, 1=58,c8§ =5.7 > Tr 3% 10° xE; 
TY X 
1 P 
ace 
t 1l 135 
——____x3x10° x E? = 
2 4nx9x10" ° 4nx9 
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or E =900 
E, =30 Vm" 
Unit-15 : Electromagnetic Waves 


Easy EM Spectrum 


47. The range of wavelengths allotted for commercial FM radio is 


(1) 0.313 mto 0.638 m (Incorrect) 
(2) 0.lmto1.0m (Incorrect) 
(3) 2.78 mto 3.41 m (Correct) 
(4) 277.8 mto 340.9 m (Incorrect) 


Correct answer: (3) 

Solution: 

The range of frequencies alloted for FM radio is: 88 MHz to 108 MHz. 
Now this frequency range corresponds to a wavelength range of 


3x108 ae 3x10° Pe 
88x10° 108x10° 





or 3.41 mto 2.78 m 


Correct answer is (3) 


Unit-15 : Electromagnetic Waves 
Average Properties of EM Waves 


48. The electric field vector Ent) and the magnetic field vector Bi.) ofa plane electromagnetic 


wave propagating in free-space are given by 


Eu = E icos(ot —kz) 


(r,t 


and B \ =B, jcos (wt —kz) 


(ryt 


E, 27, : 
where B, = E k= pa is angular wave-number and œ = 2m is angular frequency. The 


638 


UDAON 


A program to give wings to girl students 


average value of the vector r Ex B) , over a time period of the wave, is 


Ho 

(1) zero (Incorrect) 
1 A 

(2) A £E; k (Incorrect) 
1 A 

(3) zee Ek (Incorrect) 
1 2^ 

(4) J gc E5 k (Correct) 


Correct answer: (4) 


Solution: 


The vectors E and B are perpendicular to each other and are along î and j respectively, as the wave is 
progressing along the positive z-axis. 


Therefore, E x B=EB k 
E =E „and B =B „ when averaged over a period of the wave. So this can be written as: 


+ (exB)=—£,,B,,.k 


rms rms 
Ho Ho 


Correct answer is (4) 
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Unit-15 : Electromagnetic Waves 
Average EM Spectrum 


49. Monochromatic source, of power 4 kW and 100% efficiency produces 10” photons every 
second. The radiations emitted by it belong to the part of the EM spectrum called: 


(1) gamma rays (Incorrect) 
(2) x-rays (Correct) 
(3) microwaves (Incorrect) 
(4) infrared waves (Incorrect) 


Correct answer: (2) 
Solution: 
Power P = 4000, W = 4000 J per second. 


n= 10” per second 


n(hv) =P (.. efficiency is 100%) 


4000 
10° x6.6x10- 


= x10" Hz 
6.6 


=0.61 x 10" Hz 
This is in the range of frequencies for x-rays. 


Correct option is (2) 


Unit-15 : Electromagnetic Waves 


Difficult Intensity EM Radiations 

50. The maximum value of electric field, of the total radiant energy per unit ara (normal to the 
direction of incidence), recieved at a distance R, from the centre of a star of radius r, 
(whose outer surface radiates as a black body at temperature TK) can be given, in terms of 
Stefan’s consant o, as; 
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tT’ { 20 ‘ 
n —|— Correct) 
(1) R (2) ( 
(2) 25 | 2 i (In t) 
— correc 
R? Lec 
rT? (2) 

3 geu EN Incorrect 
G) R EC ( ) 
P20 r 
4) R Š (Incorrect) 


Correct answer: (1) 


Solution: 


Enery radiated by the surface ofthe star per second = 4n1r?.oT* 


Energy recieved per unit normal area per second at a distance = R = S = 


4nr?.oT* 





But S=I= Teck 





1 >» r'oT’ 
7 foc = R? 
E = 2r°oT* 4 
or g ecR? 
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UNIT-16 : OPTICS 


Learning Objectives 


After going through this unit, you will be able to understand and use: 


Ray optics; using the rectilinear propagation of light. 

Law ofreflection and refraction and their aplications. 

Explain the refraction at a spherical surface. 

Derive the relation between position of object, image and center of curvature — The mirror formula. 
To use the co-ordinate convention of signs. 

Explain the image formation of object of finite size — The transverse magnification. 

Distinguish between the absolute and the relative refractive index and state Snell’s law. 


Explain the passage of monochromatic light in a parallel slab — (1) no net deviation (2) only 
lateral displacement. 


Derive the formula relating the real and the apparent depth. 
Explain total internal reflection (T.I.R.). Applications of T.LR. 
Explain passage of monochromatic light through a prism. Deviation and minimum deviation. 


Passage of white light through aprism. Dispension oflight. Deviation, angular dispersion and dispersive 
power. 


The refraction of light at a spherical surface. The refraction formula. 
Use the refraction formula at a spherical surface more than once. 


Derive and use the lens maker’s formula. The convering or diverging nature of convex and concave 
lens. 


The lens formula. Transverse magnification. 

Explain the characterstics of image ofa real object due to a (1) convex lens (2) concave lens. 
Define the power ofa lens. 

Explain the co—axial combination of thin lenses in contact. 

Use the reflection and refraction formula for a combination of lenses, mirrors etc. 

Explain the optical instruments. (1) the microscope and (2) the telescope and their magnifying power. 


Use the concepts of wave motion. 
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Explain the Huyghen’s principle and its uses. 
Interference oflight. Distinguishing between constructive and destructive interference. 
Explain the condition to sustained interference — The coherent sources. 


Explain the Young’s double slit experiment. Location of bright and dark fringes. Derive the formula of 
the fringe width and intensity variation in interference pattern. 


Explain the phenomenon of diffraction of waves and how to observe diffraction of light? 
Derive the relation for the half-angular width and the radius of the central maximum. 
What is polarisation? Explain that only transverse waves can be polarised. 

Distinguish between polariser and analyser. The transverse nature of light. 

Explain the polarisation due to reflection. The Brewster’s law. 


State and explain Malu’s law and its applications. 
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Introduction 

The study of optics is commonly devided into two parts; i.e. 
(1) Geometrical or ray optics 

and (2) Wave optics 

We describe the two heads one by one. 


Geometrical or ray optics makes use of rectilinear propagation of light in a homogeneous, isotropic 
medium. The straight line path light follows is known as a ray. A collection of rays constitue a beam. The 
beam of light is (1) parallel (2) convergent or (3) divergent as shown in Fig. 1 (a), (b) and (c). 


== eS 


Parallel Convergent Divergent 
Beam Beam Beam 
(a) (b) (c) 
Fig. 1 


Reflection of Light 


A beam of light incident on a smooth surface is thrown back into the same medium by the surface. This is 
known as reflection of light. The laws of reflection are: 


(a) Incident ray; reflected ray and normal at point of incidence lie in same plane. 


(b) The angle ofincidence (i) is equal to the angle of reflection (r); i.e. i =r. 


Characteristics of Reflection by a Plane Mirror 

1. The image formed by reflection ofa real object is virtual; erect and of same size as object. 

2. The image formed is lateraly inverted i.e. left of object appears right in image and vice—versa. 
3. | The image formed is as far behind the mirror as the object is in front of mirror. 

4. Whena plane mirror turns through an angle 9 ; the reflected ray turns throughan angle 2 0. 


5. | The minimum length ofa plane mirror, required to see the full size image ofa person; by himself; is 
half the size of the person. 


6. Fortwo plane mirrors inclined at an angle O with one another, the number of images, n; observed 
due to multiple reflection ofa point object placed between the mirrors is 


n= (2 -1) if 2 is an eyen number 
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360 
-(*©) ;if aut is an odd number 
8 0 
7. Aray oflight incident at an angle i, undergoes a deviation § = m— 2i , due to reflection at a plane 
surface. 
Example-1: 


Two plane mirrors are inclined to one another at an angle Q. A ray of light incident at an angle i 
is reflected first by one mirror and then by other. The total deviation produced is 


a) 20 
(2) (7-20) 
6) 2n-i 

@ (27-8) 
Solution: 


As shown in Fig.2 M, and M, are the two mirrors inclined to one another at angle @ AB is the incident ray 
on M, at an angle i. The reflected ray from M, is incident on the second mirror M, at an angle i’. The final 


reflected ray is CD. Let 6 be the total deviation and 6, and 6, be the deviation due to M, and M, 
respectively. 


Then 6=6,+6,,and 


6, =1-2i, 
6, =n-2i' 
5 =2n-2(iti') 





Now from AOBC 


aoa 


or i+i=90 








Hence §6 = 22-20 
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Note that & is independent ofi. Mi M, 


Hence option (4) is correct. 
2mm 
Example-2: 8mm oe 


A point object O is placed between two plane mirrors as shown in Fig. 3. The 
distance of the first three images formed due to multiple reflections from 


mirror M, are 0 0 RS 
2 10mm 


(1) 2mm,8mm, 18mm Fig. 3 
(2) 2mm, 18 mm, 28 mm 
(3) 2mm, 18mm, 38 mm 
(4) 2mm, 18mm, 58mm 


Solution: 


The first image formed is 2 mm behind M.,. Mirror M, forms an image of the object 8 mm behind it. This 
acts as object at a distance of 18 mm from M,. Second image formed by M, is 18 mm behind M, and so 
on. 


Hence the option (1) is correct. 


SPHERICAL MIRRORS 


A spherical mirror is a part ofa hollow sphere, one surface of which is silvered. Fig. 4 (a) shows a hollow 
sphere of center C; radius OC =c. The shpere is cut by plane YY’. AOB is a part ofa spherical surface. 
Fig. 4 (b) and (c) show a convex and a concave mirror respectively. For a spherical mirror. 


A A 
1 
j 
I 
I 





oO O, 
B B B 
Convex Concave 
Y Mirror Mirror 
(a) (b) (c) 
Fig. 4 


(1) ABisthe apertere ofmuirror. It measures the size of mirror. 

(2) Cis the center of curvature and c is the radius of curvature. 

(3) Mid point O, is known as the pole of the mirror. 

(4) The line joining the pole; O, and center of curvature C, is the principle axis of the mirror. 


Reflection at a Spherical Mirror 


647 


UDOON 


A program to give wings to girl students 


Inthe FIg. 5 AOA’ isa concave mirror. C is center of A pool 


curvature. P is point object placed on principal 


axis. PA is one incident paraxial ray at point A of mirror. A 


AC is the normal at point of incidence |PAC =i= 





angle ofincidence. In Fig. 5 AB is reflected ray. |CAB 


=r=angle of reflection. In accordance with law of 
reflectioni=r. 


Fig. 5 


To locate position of image Q formed by the mirror we consider at least one more incident ray say PO. 
This ray is incident normally and therefore is reflected back. In Fig. 5 the two reflected rays meet at point 
Q. We say Q is the real image of P due to reflection by the spherical mirror. 


The Co-ordinate Convention of Signs 


To obtain a single, convenient relation between the location of object and image we now use co-ordinate 
convention of signs. The basic features of co-ordinate convention are: 


(1) 
(2) 
(3) 
(4) 
(5) 


Incident rays are always drawn from left to right. 

The pole of spherical mirror or optical center of lens is chosen as origin of co-ordinates. 
The principal axis in the direction of incident ray is the direction of positive x-axis. 
Anticlockwise angles are positive and clockwise angles are negative. 


Ina direction perpendicular to principle axis, the direction above principal axis is the direction of 
positive Y axis. 


In using co-ordinate convention, note, distance of object, image; center of curvature etc. is a pure 
number. There is no + or — sign attached to a distance. However the position ofan object; image, center 
ofcurvature etc., is the co—ordinate of the point considered in the co-ordinate system chosen according to 
the rules of the co-ordinate convention of sign. Position is appropriate distance with a + or — sign 
prefixed. 


The Reflection Formula 
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The mirror formula is the relation between the object position (u); the image position (v) and the radius of 
curvature, (i.e position of the center of curvature C); R of the mirror. Fig. 6 shows image formation ofa 
point object P due to a concave mirror. OP = a = distance of object P from the mirror. OQ = b= distance 
of the image formed Q. OC =c = radius of the sphere of which mirror is part. Choosing a co—ordinate 
system with O as origin and OX as positive X-axis (i.e. in accordance with the co-ordinate convention of 
signs; we have 

u = The object position (i.e. co-ordinate of P) =—a 

v= The image position (i.e. co—ordinate of Q) =—b 

R= The radius curvature (i.e. co-ordinate of C) =- c 


Please note the sign attached before appropriate distance. It can be shown that 


i 3 
tS, (1) 


vu R 


Eqn. (1) is known as the mirror formula. 





e— a —e b 


—c—i 
Fig. 7 


Fig.7 shows reflection at a convex mirror. The reflected ray AB does not actually meet principal axis, but 
reflected ray appears to meet principal axis at Q. Q is the virtual image of the real object P. Valueofu,v 
and R in terms of distances a, b and c is shown inside box in Fig. 7. For convex mirror also, the mirror 
formula is 


1 1 2 

vu R 
This is same as Eqn. (1). In other words same formula is applicable for concave as well as convex mirror. 
However, u, v, R etc. have to be asinged appropriate + or — signin accordance with the sign convention. 
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Principal Focus and Focal Length 
Consider an incident beam, parallel to principal axis. The reflected rays 
(1) for concave mirror; actually meet principal axis at point F as shown in Fig. 8 (a). 


(2) for convex mirror; appear to meet principal axis at point F as shown in Fig. 8 (b). 








(a) (b) 
Fig. 8 


F is known as the principal focus of the mirror. The position of F gives the focal length (f) ofthe mirror. It 
can be shown that F lies in the middle of O and C. Expressed mathematically 


C (3) 


The mirror formula in terms of focal length is 


For an incident ray that passes or appears to pass through F, the reflected ray is parallel to principal axis as 
shown in Fig. 9 (a) and (b). 


incident 
ray 





incident 
ray 





reflected 
ray 


reflected 


Fig. 9 
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Images of an Object of Finite Size 





«#——____ 4 —————_41 
—— b ——1 


— e —i 


Fig. 10 


Fig. 10 shows an object PQ of length h, placed perpendicular to principal axis. P'Q' oflengh h, is the 
real, inverted image formed by concave mirror. F is the focus of mirror. The appropriate distances and 
positions are shown in Fig. 10. The relation between position of object, image and focal length is same as 
given by Eqn. (4). 


The relation between length of object and image formed is expressed by defining transverse magnification, 
m. Let y, and y, to be the size of the object and image. According to co-ordinate convention of signs. 


y, = Size of object = + h, 
y, = Size of image =—h, 


The transverse magnification is ratio of the size of the image and the size of the object, i.e. 





The magnification (m) has both a sign and magnitude. The sign of m will give whether image is erect or 
inverted. Ifm is a negative number image formed is inverted w.r.t object and ifm is a positive number the 
image formed is erect w.r.t object. The magnitude of m; gives information regarding length of image. If 
|m|>1, the image formed is enlarged and if|m|<1 the image formed is diminished w.r.t the object. 


Characteristics of Image of a Real Object due to Reflection by a Concave Mirror 


The following table gives position, nature of image as a real object is moved from infinity towards the 
mirror. 
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At infinity At focus real, inverted, highly diminished 


Between œ and 2F Between F and 2F real, inverted, diminished 

At 2F At 2F real, inverted, same size as object 
Between 2F and F Beyond 2F real, inverted, enlarged 

AtF At infinity real, inverted, highly enlarged 





Between F and O Behind the mirror virtual, erect and enlarged 


Characteristics of Image of a Real Object due to Reflection by a Convex Mirror 


A convex mirror forms a virtual, erect and diminished image ofa real object; irrespective of the position of 
the object. Fig. 11 shows image formation by a convex mirror. 





Fig. 11 
An Important Note: 


For solving problems using mirror formula, the following ‘guide lines’ are very use full. 


(i) The positions of given parameter like object position, image position, focus etc. must be given their 
appropriate + or— sign in accordance with sign convention. 


(ii) The position or size of the unknown parameter will be obtained using Eqn. (4) and (5). The sign and 
magnitude of unknown parameter must be properly intepretted. 


The following table gives signs & their interpretation of commonly occuring parameters. 
1) Concave Rand fare negative 


2) Convex Rand fare positive 


1) Real u is negative 


2) Virtual uis positive 





652 


UDAON 


A program to give wings to git students 


Image 1) Real vis negative 
2) Virtual v is positive 
Magnification 1) Positive Image is erect 
2) Negative Image is inverted 
3) |m|>1 Image is enlarged 


4) |m|<1 Image is diminished 





Example-3: 


A concave mirror of radius 20 cm has an object of length 2 cm placed perpendicular to principal 
axis at a distance of (i) 40 cm (ii) 8 cm. In each case what is position, nature and length of image 
formed by the mirror? 


Solution: 
R= Radius of curvature of mirror =— 20 cm 
Case-I: 
Given u=— 40 cm, v=? 
Using mirror formula 


ee 
v (-40) -20 





t-( an 1 
or vo 40 
v= -(%) cm = —13.33cm 


Negative sign ofv indicates image formed is real at a distance of 13.33 cm from the mirror. 


E mcm 


Negative sign ofm indicates inverted image |m|<1 the image formed is diminished. Also 











h, 1l h 
Ime 2>; 
h 3 2 
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h, =0.67 cm 


Case-II: 


Given u =- 8 cm, v=? 


1 
Z ST ey =44 
v (8) (20) or v=+40cm 


The positive sign of v indicates virtual image. The image is 40 cm behind the mirror. Also 


m= (£) =+5 
-8 


The positive sign ofm indicates erect image. Also |m|>1 the image formed is enlarged. Also 
5=—= or h,=10cm 
7 2 


Example—4: 


A spherical mirror forms an image half the length of the object. The image is at a distance of 
25 cm from the mirror. What is nature and focal length of the mirror? 


Solution: 


We are given |m| = 1⁄2. We do not know whether image formed is real or virtual; therefore, we will consider 
both cases one by one. 


Case-I: Image formed is real 


v 
Since image is real; it must be inverted; therefore m = (—’2). Also v=—25 cm. We know ™ = -(:) 


From mirror formula 








f --(2) cm =—16.67cm 


The negative sign of f indicates that the mirror is a concave mirror. 


Case-II: Image formed is virtual 
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: : : 1 
The virtual image formed is erect, therefore m = + 7 and v=+25 cm 


1 25 
or 1-2) or u=—50cm 





2 u 
Using mirror formula 
E gos 
25 (-50) f 
f =+50cm 


The positive sign off indicates convex nature of the mirror. 
Example—5: 


A beam of light converges towards a point P as shown in Fig 12(a). A convex mirror is placed in 
the path of beam at disatnce of 10 cm in front of P. What is position and nature of image formed? 
Radius of curvature of mirror is 30 cm. 


Solution: 





(a) 


— 30 cm —e —1 0) cm 


Fig. 12 


Fig. 12 (a) shows the incident beam converging at point P. Fig. 12 (b) shows convex mirror placed in the 
path of incident convergent beam. The incident rays meet convex mirror before reaching point P. 
Now acts P as a virtual object. Therefore, 


u=+10cm;R=+ 30cm, v=? 
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Using the mirror formula 








1 2 1 

or —=—-— 

v 30 10 
v=-30cm 


The negative sign of v indicates a REAL image! This is shown in Fig. 12 (b). The interesting point to be 
noted specially is that convex mirror can from a real image of an appropriately placed virtual object. 


Example-6: 


A spherical mirror projects image of an object placed in front ona screen. The length of image is 
twice that of the object. The distance between object and image is 120 cm. What is 


(i) position of object and image. 
(ii) nature and power of the mirror? 
Solution: 


Let a and bbe the distance of the object and image from the mirror. Since image is projected on screen it 
is areal and inverted image. Therefore using sign convention 





u=-—a, v=—b and m = —2 
Also, m = — () ; therefore 
u 


-2 =- (2) or b=2a 


Given distance between object and image is 120 cm. Therefore 


b-—a=120 





or 2a—a = 120 or a=120cm and b= 240 cm 


Let f be the focal length of the mirror. Using mirror formula 


1 1 


(-240) (-120) f 
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or =— 80cm 


The negative sign off indicates that the mirror is a concave mirror. The power of mirror 


p- D=-1.25D 
(-0.8) 


The object is placed 120 cm in front of the mirror and image is at a distance of 240 cm from the mirror. 
Example—7: 


A concave mirror of focal length 10 cm and a convex mirror of focal length 15 cm are placed co- 
axially facing each other and 40 cm apart. A point object is placed in between the mirrors; on 
their common axis; 15 cm from the concave mirror. Find the position and nature of image formed 
due to first reflection at concave mirror and then convex mirror. 


Solution: 





n— 40 cm ———— 
—15 cm— 


kK—_ 30 cm ——— te 10 cm 
Fig. 13 


Fig. 13 shows M, and M, as the two mirrors. P is object on principal. axis OO, at a distance of 15 cm 
from M.. The incident ray PA on concave mirror is moving from right to left. This is not in accordance with 
co-ordinate convention ofsigns. To make consistent use of co-ordinate convention imagine the diagram to 
be rotated by 180° as far as concave mirror is concerned. Then for concave mirror. 





u =— 15 cm, f =— 10 cmandv,=? 
From the mirror formula 

Ly ELA or v, =—30cm 

vi (-15) -10 


The negative sign of v, indicates real nature of image Q, formed by concave mirror. The incident ray PA 
and reflected ray AQ,, is shown in Fig. 13 
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Q, acts as a real object for convex mirror. The ray Q,B is incident on convex mirror. In Fig. 13 this is in 
accordance the co—ordinate convention of signs. For convex mirror. 


u =+ 10 cm; f, = 15 cm; v, =? 


Beet eects 
v, (10) 15 
or v=+6cm 


The positive sign of v indicates virtual nature of the final image Q. The incident and reflected rays for 
convex mirror as shown in Fig. 13. 


Example-8: 


f 
A thin rod of length 3 is placed along the optic axis of a concave mirror of focal length f such that 


its image which is enlarged, real and just touches the rod. Calculate magnification. 


Solution: 








Fig. 14 


Let OF =e = magnitude of focal length of concave mirror. OC = 2e = distance of center of curvature from 
O. PQ = e/3 is the length of object placed along principal axis. The image formed is P'Q'. For end Q of 
rod its image coincides with itself, therefore, Q is at center of curvature, C, of mirror. For end P 








5 
a= OP = object disatnce = OC-PQ = 2e (£) E x 


b= OP’ = image distance 


In accordance with co—ordinate convention of signs 
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1 1 1 
Using mirror formula — + — = = we have 
v u f 


DD = vas 
—b Se -e 
The length ofimage = P’Q’ = b—2e = s 


The magnitude ofaxial magnification 











a =%=1.5 
axis PQ % 


Example-9: 


Image of an object approaching a convex mirror of curvature 20 m along its optical axis is 


observed to move from = m to = m in 30 s. What is the average speed of object is kmh"'? 


Solution: 


Let at t = 0; the object be at a distance ofa, meter from convex mirror. The image formed is at a distance 


25 
b= z from the mirror. Obviously 


25 
u =—a, and vi =en m 
Given, t-R-42 410m 
2 2 
Using mirror formula, we have 
3 (1\ 1 
25 la) 10 or a,=50m 


Similarly a, is distance of object from mirror at t= 30 s. The image distance b, = = m. Therefore 


u, =a,; v,=+—m 


Using mirror formula 
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( 
50 La J* 0 or a,=25m 
The distance moved by object in 30 s is (50-25) m= 25 m. Therefore, 


; Totaldist travell 
The average speed ofobject = oraldi tance traveled 





Total time taken 


25m 25x10°km 
30s (3%oo) hr 





=3 kmh" 


REFRACTION OF LIGHT-SNELL’S LAW 


Whenever light goes from one medium to another medium; in general; the light bends either towards or 


away from the normal at the point of incidence. This is known as refraction of light. Refraction of light is 
shown in Fig. 15 (a) and (b). 


A 






iili / HINI JN I 
HHT TA INJ] 
lllllll HINT /IIIN!lll 
N C 
(a) (b) 
Fig. 15 


In Fig. 15 (a) we say medium 2 is optically denser than medium 1; whereas in Fig. 15 (b) medium 2 is 
optically rarer than medium 1. 


The optical density of a medium is measured by the absolute refractive index (n) of the medium. By 
definition 


_ Speedof lightin vaccum c 
Speedof lightin medium v 





= | = yem, 
EoHo 


660 


UDAON 


A program to give wings to girl students 


g, and u, represent the relative permittivity and the relative permeability ofthe medium. v is always less 


than c hence absolute refractive index can never be less than one. 
Refraction of light obey’s Snell s law. According to Snell’s law. 
(1) The incident ray; the refracted ray and normal at point of incidence lie in same plane. 


(2) The ratio ofsine ofangle of incidence (i) and sine of angle of refraction (r) is a constant. Expressed 


mathematically 
sini 
—— = constant 
sinr 


Let n, be the absolute refractive index of medium 1 known as incident space and n, the refractive index of 
medium 2, knownas refracted space. According to Snell’s law. 


n,sini=n,sinr 


sini n, > vi 
or n e SE —~—~—~—Cs (1) 
sinr n, V, 





?n is the relative refractive index of medium 2 with respect to medium 1. In Eqn. (1), v, and v, is speed of 
light in medium 1 and medium 2 respectively. The relative refractive index {n can be more or less than 


one. Obviously 


Vv Vv 

Dye py ce Dag 

0x pns =x (2) 
V Vy 


In general Eqn. (2) can be written as 


1 

AE S: ORE A 

ge dest (3) 
1 


Refraction of Light at a Parallel Slab 


In the Fig. 16 PQRS is a parallel slab of thickness t, having refractive index n. AB is a monochromatic 
incident ray on face PQ at an angle of incidence, i. Fig. 16 shows refracted, ray BC inside slab and the 
emergent ray CD. i’ is angle ofemergence. Applying Snell’s law at point B and C, we have 


lsini=nsinr and nsinr=1 x sini’ 
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unre ree A 
sini=sini’ or i=i' N 
1 
I 
I 
I 


The angle of emergence equals angle of incidence. In other words 
emergent ray CD is parallel to incident ray ABA’. The net deviation i 
bA 








due to refraction at both faces of parallel slab is zero. However the 7 W Q 
. $ $ * % b 
incident ray and the emegent ray are not coincident. CE is the lateral ] m \ M m 
displacement. From Fig. 16 it can be shown that t / M 
m | 7 
t = 7 
Lateral Displacement = CE = fn) sl Mf Mi Pi; ix M R 
cosr : B, C ` 
_ (4) Li’ N 
Ww 
Refraction Through Multiple Slabs D 
Fig. 16 
A ' 
incident 





AIR E; 


Fig. 17 emergent ray 


Fig. 17 shows path ofincident ray AB inside parallel slabs of different materials. i is angle of incidence and 
i is angle of emergence. Applying Snell’s law repeatedly. 


isi’ 


When medium on the upper side and lower side is same [in Fig. 17 it is air]; i =i' . If medium above and 
below is not same, i #i'. 
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Real and Apparent Depth 


[j 


Apparent 


depi] t = Real Depth 
1 








Fig. 18 


P is a point object at the bottom ofa medium of refractive index n of real thickness OP =t. PO is an 
incident ray. The refracted ray O Q bends away from normal, i.e. r >i. The emergent ray appears to come 
from point P. P, is apparent position of P as viewed from outside. OP, =t, = the apparent depth of P. For 


near normal incidence (i.e. i andr are small angles; sin i = tani =i ) 


n= The refractive index ofthe medium 


_ Realdepth t 
Apparentdepth t 2 7 (5) 





The apparent shift = PP, = t [i = 1) pua (6) 
n 


For Fig. 18 shown light going froma denser medium to a rarer medium (air) apparent depth viewed from 
air is less than the actual depth. 


In general; if instead of air there is some other medium; the apparent depth may be more or less than the 
real depth depending to value of refractive indices of media involved. 

For object at areal depth t, inside a medium of refractive index n, 4 

when viewed from a medium ofrefractive index n,; the apparent depth 
t, 1s 




















For n, > n; t >t, whereas for n <n; t<t,. 


For a number of media of different thickness and refractive indices as 
shown in Fig. 19, we have 
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to t t, 
Total apparent depth= F F = Aua = > 


1 2 i 


1 
and total apparent shift = Xt í = +) 


i 


n, is the refractive index of i medium of real thickness te 
Example-10: 


A ray of light in air is incident at angle of 60° on the plane boundary seprating it from a medium. 
The angle of deviation of refracted ray is 15°. What is refractive index of the medium? 


Solution: 


Letn be refractive index ofmedium. Incident light goes from a rarer medium (air) to a denser medium. It 
bends towards normali.e. r <i. The angle of deviation §6 =i—r. Given 


i= 60°, 6 = 15° s. r=45° 
From Snell’s law 


1 sin 60°=n x sin 45° 


Example-11: 


AIR IB 





Medium-1 | 
Medium-1 


Medium 2 


Fig. 20 


In Fig. 20 (b) the incident ray PQ bends away from normal; suffering a deviatino of 10°. What is 
speed of light in medium 2? Given c = 3x10* ms“. 
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Solution: 

Let n, be absolute refractive index ofmedium 1. From Fig. 20 (a); using Snell’s law 
1 sin 45° = n, sin 30° 

or n= /2 

In Fig. 20 (b); the angle of refraction r=i+ § =40 + 10 = 50°. From Snell’s law 
n, sin 40° = n, sin 50° 


_ 1.414x 0.643 
0.766 


or n, =1.187 


The speed of light V, in medium 2 is 


c 3x10 i 
P eT as ~2.527x10° ms” 
Sie ke 


Example-12: 


Fig. 21 showsa small bubble, P; trapped insideaglassslab (n, = 1.5). When viewed from position 
O, the bubble appears to be at a distance of 8 cm from the face through which it is viewed. When 
viewed from position O, the bubble appears to be at a distance of 10 cm from the face of slab 
nearer the observer. What is n,? 











P Q 
AIR nisl 
P 
D- -L L T OPTI 
O, 
S R 


k 20 cm ———> 
Fig. 21 
Solution: 


Let x can be the actual distance of bubble from face PS. For observer. O; the apparent distance from PS 
is 8 cm. Therefore 


n =1.5=Ž 
8 


1 


or x= 12 cm 
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The actual distance of bubble from face QR is (20-12) =8 cm. The apparent distance is 10 cm. Therefore 


i n, Realdistance 
n= 
2 





n, 7 Apparent distance 


1.5 
r —_=— 
E w 10 
n, = D- 1.875 
8 
Example-13: 


One face of a parallel rectangular slab of a transparent material is silvered. An object is placed 
at a perpendicular distance of 8 cm from the unsilvered face of slab. The image of the object is 
observed at a distance of 12 cm from the silvered face of slab. What is refractive index of 
material of slab? 





h——— 8 cm he 6cm ——— 2 cm — 
ex 


: Fig. 22 
Solution: 


Fig. 22 shows slab PQRS. A is object at a distance AO, = 8 cm. The image B is formed at a distance O,B 
= 12 cm. When observed from A; the mirrored face QR appears to be at Q'R'. Let x be the apparent 
shift in position of QR. Now for reflection from Q’R’; 
Object distance = OA = Image distance = OB 

8 + (6-x) = 12 +x 
or x=1cm 


From face PS ofslab; the real distance of face QR = 6 cm. The apparent distance = (6—x) = (6-1) = 5 cm. 
Therefore 


nae =12 
5 
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> 


A 


rod of height h placed as shown in Fig. 23. The actual height of beaker 


An observer can see through a pin—hole at the top end of a thin glass | 


is 3h and its radius is h. When the beaker is filled with a liquid upto a 


height of 2h, the observer can see the lower end of the rod. What is 4 
(L.I.T 2002) | xP P, 
h 


of liquid? 


Solution: 


In Fig. 23 QO is incident ray from lower end Q of rod inside liquid. The 


refracted ray OA appears to meet rod at end P as shown. 


QON, = i=angle of incidence at O, | NQA =|PQN, =r=angle ofrefraction 


at O. 


Using Snell’s law 
usini=lxsinr (1) 
From Fig. 24; 
tan ZPAP =tanr=1 
t= 458 (2) 


Fromright angled triangle QN,O 


h o1 
[n +n | Soo 8) 








sini = 
From Eqns. (1), (2) and (3) we have 


1 
w 
Pals 


Total Internal Reflection 












TTL 


IHIH 


Fig. 25 shows a monochromatic incident ray going from a denser medium (i.e. medium 1, refractive index 


u ) into a rarer medium (i.e. medium 2, refractive index H, < H, ). The refracted ray bends away from 


667 


UDOON 


A program to give wings to girl students 


normal i.e. r > i as shown in Fig. 25 (a). On gradually increasing i, r also increases. For an angle of 
incidence (i,) the angle ofrefraction r= 90° as shown in Fig. 25 (b). In Fig. 25 (c) i> i; there is no refracted 
ray in medium 2. The entire incident energy is thrown back to medium 1 obeying law ofreflection. This is 
known as total internal reflection (T.I.R). 1, is the critical angle of incidence. Applying Snell’s to 
Fig. 25 (b); we have 








Medium 2 Sù 
WSH, r=90° 
B > B 
Medium/1 i C 
Hi Agp Bil 
| I 
i 1 
l I 
l I 
AN i A I C 
(b) (c) 
Fig. 25 


Ree nT 
usini, =H, m 


or i = sin” (22) 
Hy 


For T.I.R to take place light must go from a denser to a rarer medium. 


Total Internal Reflection at Glass - Air Surface 


Consider an incident ray going from glass (u = 1.5) to air. The 
critical angle of incidence, i, is 


i, =sin” | \_ 419° 
1.5 


Fig. 26 shows an issoceless right angled glass (refractive index p) 
prism. PQ isa ray incident normally at face AB. It goes straight and 
is incident on face AC at an angle of incident i= 45°. Total internal 
reflection can occur at R. For T.I.R to take place at face AC, i.e. no 
light emerges out of face AC, i 2 i,. The minimum value ofi; should 
be equal to i,. Therefore for T.I.R to take place at face AC 





inn = 45° =i, 


min 
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The minimum refractive index Hm of prism is 








ipo eee ia 
(sini,) sin 45 


Such a glass ( n=l 5) issocless prism is known as a totally reflecting prism ( u> Hm) . Fig. 27 (a) and (b) 


P . an T 
show how such a prism is used to deviate an incident ray by 5 or T. 


incident 










incident 
ray 


emergent 


emergent ray č 


ray T 
(a) (b) 
Fig. 27 


Total Internal Reflection at Water - Air Surface 


Total internal reflection can occur when an incident ray in water (u = 1.33) goes to air. The critical angle, 
i, is 


i, =sin | = =48.6° 
È 1.33 


A fish under water in a pond sees the entire outside world canfired within a cone of angle=2i, = 98°. 


ILLUSTRATIONS OFT.I.R 


The optical illusion known as mirage is observed during day time in a hot desert. A thirsty deer, looks 
around for water. The deer sees a clear inverted image ofa distant tree and thinks that the tree is on the 
bank of a water pond. The deer runs in that direction and on reaching the tree finds no water! The 
phenomenon of mirage is due to variation of refractive index with temperature. Ina ‘hot desert’ during 
day time the temperature of air layers decreases as one moves upwards from ground. Therefore refractive 
index of air layers decreases as one moves towards ground. An incident ray from top of a distant tree 
undergoes refraction from a denser layer to a rarer layer of air and undergoes T.I.R producing a clear 
inverted image of the tree. 


The shinning of diamonds is also due to repeated T.I.R. A ray inside diamond undergoes repeatd T.I.R 
inside diamond before it emerges out. Take u = 2.42 for diamond, the critical angle. 
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i, =sin™ (52) =24.4° 
2 
Due to small values ofi ; repeated T.I.R occures easily inside diamond. 


REFRACTION THROUGH A PRISM 






incident 
monochromatic 
ray Q emergent 

ray 


Fig. 28 


In Fig. 28 PQR is a prismofa material of refractive index u. AB is a monochromatic incident ray on face 
PQ at angle of incidence i,. Fig. 28 shows refracted ray BC inside prism and the emergent ray CD. 


QPR =A (i.e. angle between the two faces where refraction occurs) is known as the refracting angle, A; 
of prism. i, is angle of emergence. 


Due to refraction at both faces PQ and PR the incident ray is deviated by an angle ô. 


ô =The angle of total deviation = 6, + 6, 


=i+i,-(nt+m) ee (1) 
Also t tRSA eae (2) 
õ=itL-A ee (3) 


For a given prism; § depends on angle of incidence. Fig. 29 shows § vsi t 
graph. From graph we note that there is a particular angle of incidence i, for 9 


which deviation is minimum ( 5,, ). It can be shown that for minimum deviated 


ray. ö 
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or i= (i), = angle ofincident for minimum deviated ray yO (5) 


For minimum deviated ray; the path ofray inside prism is 
parallel to the base QR of prism as shown in Fig. 30. 
Applying Snell’s law to the minimum deviated ray; i.e. 








A 
i Ate and 1, =—; we have 
1 2 2 
sin (4 a Path of minimun deviated ray 
u = ——— Fig. 30 
ces 6 
sa($) (6) 
2 


For a small angled prism; A; § and i are small. Taking sin 0 = 8 ; Eqn. (6) reduces to 
(“ +65, 
7 2 
~ 
2 


or B=(e-DA ae (7) 





=1+ 









A 
Incident 
white light 


Screen 
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Fig. 31 shows an incident white ray of light, AB on a prism LMN. In passing through the prism the light 
breaks up into its constituent colours; VIBGYOR. This is known as dispersion of light. In Fig. 31; 
5,,5 and 6, are the angle of deviation for violet; yellow and red colour respectively. § is known as angle 
ofmean deviation. Also ô, > 5, and 6, —5, =A, is known as angular dispersion. On the screen we see 
each constituent colour seperately. We say a spectrum of incident white light is produced on screen. 
Cause of Dispersion of Light 


The dispersion ofa polychromatic (i.e. white) light due to refraction ina medium occurs due to the variation 
of refractive index (y ) of the material with the wave length (À ) ofthe light. According to Cauchy 


b 
a (8) 


where a and b are constants and À is wave length oflight. This is known as CAUCHY’S RELATION. 

According to Eqn (8) u decreases as A increases. For à —> 0; u —> œ and for à >œ; u >a. The 
1 

variation of u with 4, is shown graphically in Fig. 32 (a) and Fig. 32 (b) is graph of u vs ree This is a 


straight line with slope =b and intercept on y axis equal to a. 


t i 





H p 
a 

u=a 7 g 
a 
4 

— o 1) —> 
(a) (b) 

Fig. 32 


For incident white light AB on face LM of prism; angle of incidence i for all colours is same. Since y is 
different for different colours angle of refraction (r) is different for different colour. Therefore different 
colours follow different paths and emerge out of prism in different directions. This is dispersion. 


For white light we know that À nin =Ay and À max =A, . Therefore Haa = Hy and Manin = Hpg- For small 
angled prisms, § = angle of deviation= (1-1) A therefore violet colour undergoes maximum deviation 


and deviation is minimum for red. The angle, A ; between violet and red, is the angular dispersion produced 
by the prism, i.e. 


A =Angular dispersion = 5, -Öp =(My—Hy)A we (9) 


672 


UDAON 


A program to give wings to girl students 


Dispersive Power 


The dispersive power, w, ofa refracting medium is angular dispersion per unit mean deviation; Le. 


Angulardispersion _ 6, —6, 





œ = Dispersive power = E 
p p Mean deviation 5 


For small angled prism, œ isa constant for a given medium. Let q be the refracting angle ofa small angled 
prism then 


5 = Mean deviation = (u—1) a 
A = Angular dispersion = ( uy — ug ) 


Hy — HR 
ut 





© = The dispersive power = 


Combination of two small angled prisms 


Consider two small angled prisms ofangles a, and a, having dispersive power œ, and œ, respectively. 
Let Hiv; Hir and u, be the refractive index of prism 1 for violet; red and yellow (mean) colour. The 


corresponding quantities for prism 2 are Ly; Hsr and p, .Then 


©, = Hiv Sa , and ©, = Hoy — Hor 


u= m —1 
Let 5,,, 5,, and 6, be the angle of deviation of violet, red and mean colour for prism 1. Corresponding 


quantities for prism 2 are 5,,,, 5,, and 6, respectively. For the combination of the two prisms 


5 = Net mean deviation = 6, + 6, 





=(p, 1)a, +(H, 1)a, 


and A = Net angular dispersion = A, + A, 





= (ty Hir )@, + Ube Har ) Oy 


By choosing a, and a, properly we can have an arrangment causing 
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(i) Dispersion without deviation, i.e.; § =0; A #0 


and (ii) Deviation without dispersion, i.e.; A=0 and 6#0 


The two arrangements are shown in Fig.33 (a) & (b) respectively. 










emergent 





inciden y inci white light 
hitelight PX; IE incident 
E R white light 
(ur “Bir ) 
gome SE Eg u1 
? (ux -Har ) 3 a=- = a, 
(a) Fig. 33 ©) 
Example-15: 


A rectangular glass slab ABCD of refractive index n, is immersed in water of refractive index n, 
(n, >n,). A ray of light is incident at surface AB of the slab as shown in Fig. 34. What is maximum 
value of angle of incidence on AB such that the ray imerges out only from the surface CD? 





(I.LT 2000) 
Solution: 


In Fig. 35 PQ is incident ray inside medium ofrefractive index n,. QR is refracted ray inside slab ABCD. 


Let 9, be angle of refraction. From Snell’s law 


nsin®;=n,sin®@, ass (1) 
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The ray QR is incident on face BD at angle 0, . It will not emerge out from BD if it undergoes total internal 
reflection at R. This will be so it 


0, 21, 


where i, is critical angle of incidence from glass (n,) to water (n,). We know 


st . 
n, sini, =n, sis o seh (2) 








Fig. 35 
Also from AQRR '; 
T 
0, = zi R (3) 
For T.I.R to occur on face BD; 
(0, Ves =i; 
T. 
(91) nox = > * 
From Eqn. (1); we have 
n,sin(@) =n, sin (0, ) 
: n, cosi 
sin(0) =— £ 
or ( Vise n, 
or Oa = sin” Boos 
n 
o al D „i 0, 
= sin on isin a} [From Eqn. (2)] 
n, n, 
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Example—16: 

ABC is a right angled issoceless prism of a material of 
H, = 1.352. A plane of refrative index p, (m, < m) is cemented 
to diagonal face AC. PQ is an incident ray. The refracted ray 
passes undeviated through the diagonal face AC. What is i? 


Solution: 


PQ is incident ray on face AB. The refracted ray QR undergoes no 
deviation on diagonal face AC ifits incident normally on AC as shown 
in Fig. 37. From Fig. 37 r = angle of refraction on face AB = 45°. 
From Snell’s law 


1 sini= 1.352 sin 45° 


_ 1352 _ 0.956 


2 


i=sin ' (0.956) = 73° 





Example-17: 
TARS Fig. 37 


A ray of light is incident at an angle of 60° on one face of a 

prism of angle 30°. The ray emerging out of the prism makes an angle of 30° with incident ray. 
Show that the emergent ray is perpendicular to the face through which it emerges and calculate 
the refractive index of the material of prism. 


Solution: 


Let i, and i, be the angle of incidence and angle of emergence. 


L 
A=30" is the refracting angle of prism. The angle ofdeviation 8 A 
is 


6=i,+1,-A 
Given i, = 60°, i, =?,8=30° and A =30° 


30 =60+i, —30 





or i, =0 


Since angle of emergence is zero; the light is incident normally on the face LN of prismas shown in Fig. 38. 
The angle of incidence inside prism at point R = r,=0. 
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Also, r +r,=A 
< 1,+0=30 
or r,=30° 


Applying Snell’s law at point Q 
1 sin 60 = y xsin 30 
u, = V3 =1.732 


Example-18: 


>> 


Monochromatic light is incident on a glass prism of 
angle A. The refractive index of the material of prism 
is u.A ray is incident on one face at angle of incidence Sa 
0 as shown in Fig. 39. Show that light will be 
transmitted through face AC; if 


acide 
ray 


0 > sin” c sin fa -sin” E} Fig. 39 
u 


Solution: 


In Fig. 40 PQ is incident ray on face AB. Let r, be angle 
ofrefraction. From Snell’s law 


Isin 0 = usin t 


o g=sin" =] al (1) 
u 





Let r, be angle of incidence for ray QR on face AC of 
prism. The ray QR will emerge out of face AC if 


RSi a (2) 


where i, is critical angle of incidence inside glass. Also 


i, =sin' 4) is (3) 
u 


From Fig. 40; we have 


r +r, 5A 
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or r=A-r, 

From Eqns. (2), (3) and (4) we have 
r <ie 


5 


or A -sin B < 0. 


or sin! =e >A-6, 
u 


or sin- sin(A—0,) 
u 


0> sin” [ usin (A-6) | 


nfo 


Example-19: 


A right angled prism of refractive index p, is placed 


inside a rectangular block of refractive index p,, 
which is surrounded by a medium of refractive 





index p, as shown in Fig. 41. An incident ray e 
enters the rectangular block at normal incidence. 
Four possible paths (1) e >i (2)e>f G)e>g 
and (4) e—h are shown. In each case what is 











relation between 4,4, and p1,? 
(LI.T 2013; Adv) 
Solution: 


Case-I : The incident ray ‘e’ emerges out as ‘i’. Total internal reflection occurs at face AB of prism; 


therefore u, > p, . The critical angle of incidence i, from p, to H, is less than 45° ie., 45° >i. 


. a 1 me 
sin 45 > sinic or — > sinic 


V2 
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Also, 
a T 
u sini =p, sin — 
2 
so oH 
i (2) 


Fron Eqn. (1) and (2) 


1 
> w > V2, 


V2 p 


Case-lI : The ray incident on AB emerges out and bends towards normal, i.e. H, > H . This ray incident 


on face of slab emerges out and bends away from normal; i.e. 4, > H, . Therefore 
H > hi 


> H; 


Case-III : The ray incident on face AB ofprism as well as the face of rectangular slab emerges out straight 
Le. there is no deviation. Therefore, 


H =H, 


Case-IV : The incident ray ‘e’ emergs out as ray ‘h’; on face AB of prism the ray undergoes refraction and 
moves away from normal; therefore 


Hy <b 

oo <V2yp, 

For the ray incident on slab; the refracted ray bends away from normal; therefore H, < p, . Therefore 
Wy<V2 pm, and p, >p 


Example—20: 


Aray of light is incident at grazing angle of incidence on one face of a prism of refracting angle 


A and refractive index p. Show that angle of emergence i, is 


sin” (e - 1)” sinA -cosA | 


679 


A program to give wings to girl students 


Solution: 


Fig. 42 shows incident ray PQ grazing face AB of prism ABC. 
The angle of incidence i, at point Q is 90°. Let r, be the angle of 
refraction inside prism. Let i, be the critical angle of incidence 
from prism to air. Obviously r, =i,. Also 


r +r, SA 


ņn=A-ņ=A-i 


Cc 





Let i, be angle of imergence at point R from face AC of prism. 
Applying Snell’s law at R 


usinr, =1xsini, 
sini, = usin[A —ic] 


= u[sin Acosi, —cos Asin ic] 


We also know that sini, = a . Therefore 


5 
e 1 . A 
sini, =p í 7 sin A cd 
u u 


= (u? sij sin A — cos A 








i, =sin" (e -1)“ sin A — cos A| 


Example-21: 


A prism of refractive index n, and another prism of refractive 
index n, are stuck together with a glue as shown in Fig. 43. The 
angles of the prisms are shown in Fig. 43. n, and n, depend on 
the wave length of light à according to the relation 


10.8x10 


n, = 1.204; 





Fig. 43 
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1.80x10* 


and =n, =1.45+ E 


where ) isin nm. 


(a) Calculate the wave length à, for which rays incident at any angle on the interface BC pass 
without any bending at that interface. 


(b) For light of wave length à, find the angle of incidence i on the face AC such that the 
deviation produced by the combination is minimum. (L.1.T 1998) 
Solution: 


(a) There will be no deviation at face BC for any angle of incidence ifn, =n,. Therefore 


4 
ANIN yas 


0 0 





4 
1.204 Lett 


or A, =600nm 


(b) Forn,=n,; the given arrangement is a part ofa prism ABE of angle 60°. Let i be angle of incidence 
of ray PQ on face AC undergoing minimum deviation. For minimum deviated ray 





Fig. 44 


T, =1, =£ =30! ahs (1) 


Applying Snell’s law at point Q; we have 
Isini =n, sin 30° 


Also, 
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4 
n, =1.29 + 180 _ 1 2040.3 =1.50 


(6x10°) 


From Eqn. (2) and (3) we have 


i=sin" L30 =sin” sl 0 
2 4 = 48.6 


Example—22: 








Acrown glass prism has a refracting angle of 60°. A white ray of light is incident on one face at an 
angle of 45°. What is 


(1) mean deviation 
and (2) angular dispersion? 
Given Hy = 1.538 and BL, = 1.500. 
Solution: 
For RED incident ray 


Let r, be angle of refraction at the first face of prism. Given i, = 45° and = 1.500. From Snell’s law 


Isin 45 =1.500sinr, 


or sint 0.471 


1 
~ J2x1.500 
r = sin™ (0.471) =28.1° 
Let r, be angle of incidence on second face of prism. We know 
r +r, 5A 
r, =62-28.1=31.9° 
Let i, be the angle of emergence. Applying Snell’s law 
1.Ssin(31.9°) =1xsini, 
or sini, = 0.793 


i, =sin™ (0.793) = 52.5° 
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Let 5, be angle of deviation for red colour. Then 





ör =i, +i, -A =45° +52.5° — 60 =37.5° 
For Violet Colour 


Proceeding exactly in the same way as above, we have 


Isin 45 =1.538sinr 
1] =sin ' (0.460) = 27.3° 
Also, rf = 60 -27.3 = 32.7° and 
1.538sin (32.7°) =1xsin i, 
or i, = sin ' (0.831) =56.1° 
5, =45+56.1-60=41.1° 


S, +, _ 41.44+37.5 
A 


The mean deviation = 6 = =39,3° 





The angular dispersion= A = 6, — 5, =(41.1-37.5)=3.6° 


REFRACTION AT A SPHERICAL SURFACE 


Nonnal 
~ 


Medium 1 a i Medium 2 





M$ — a —— c 


Fig. 45 
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Fig. 45 shows a convex surface AOB seprating two media ofrefractive index and p, and u, (> Hi ) .Cis 
the center of curvature of spherical surface. P is a point object on principal axis at a distance OP = a. 


OC = c = The radius of spherical surface. Medium | of refractive index pL, is the object space. The 
refracted ray goes into medium 2 of refractive index u, . This is the image space Fig. 45 shows incident 
ray PM and refracted ray MQ. Since we have u, > u; ; the refracted ray bends towards normal. The 
refracted ray meets principal axis at Q. We say Q is real image of real object P. Using co-ordinate 
convention of signs. 

u= The object position =—a 

v= The image position = +b 

R=The radius of curvature = +c 


It can be shown that 


Haft) e ee. (1) 


v 


Eqn. (1) is ‘refraction formula for a spherical surface’. The same formula is valid for a concave spherical 
surface. Fig. 46 shows refraction at a concave surface. Note the image formed Q is virtual. 


Normal 
a 
ra oO 
A a -- Medium 2 


Mediun 1 Mitran J> 


Hi 





—— b — 


—— a —i 


Fig. 46 


Note vis positive for a ‘real image’ and is negative for a ‘virtual image’. 
p 


Principal Focus; Focal Length and Focal Plane 
Let a parallel beam; parallel to principal axis be incident in medium 1. The refracted rays. 


G) meets principal axis at a point F, for a convex surface 
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(i) appear to meet principal axis at a point F, for a concave surface 


as shown in Fig. 47 (a) and (b); if H, > H . F, is known as second principal focus. Its position given the 
second principal focal length f,. Expressed mathematically, 


u=-o, v=f, 
From Eqn. (1), we have 
H _ Wo TH 
f, “Ro (2) 


A Medium 2 
Medium 1 L>} 
kl 





B Second 
Principal 
Focal Plane 


(a) 


Medium 1 A 
Hi 


Medium 2 
H>H 











Second B 
Principal 
Focal Plane 
(b) 
Fig. 47 


For H, > 4 ; the convex surface behaves as a converging surface and the concave surface as a diverging 
surface. However it H, < 4; ; the convex surface behaves as a diverging surface and concave surface as 
converging surface. The converging or diverging nature ofa surface depends on value of u, and H3. 


Aplane perpendicular to principal axis through point F, is the second principal focal plane. A parallel 
incident beam inclined to principal axis; after refraction meets or appears to meet at a point on the second 
principal focal plane. 
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The ‘First Principal Focus’; Focal Length and Focal Plane. 


Let H, > H, then fora 


(1) Convex Surface : F, is a point on principal axis where ifan object is placed the refracted rays are 
parallel to principal axis as shown in Fig. 48 (a). 


(2) Concave Surface : F is a point on principal axis where ifan object is imagined to be placed (i.e. 
virtual object) the refracted rays are parallel to principle axis as shown in Fig. 48 (b). 


F, is known as the ‘first principal focus’. Position of F, gives first principal focal length f. Expressed 
mathematically 


u =f; v=to 


From Eqn. (1) we have 
|u S H — Hi 
l f, ) “E (3) 


f, | # |f A . In general, the two focii are not equidistant from the spherical 





[u g 
Note Ł=4 4), Since u, # u; 
£ i f) 1 2 
surface. 
A plane perpendicular to principal axis through F, is the “first principal focal plane”. 


By convention; the focal length fofa spherical surface is the position of F,; i.e. f = f,. From Eqn. (2); 


HR 
(m, =H ) 


Medium 2 
LH 


Medium 1 
Hi 





First 
Principal B 
Focal Plane 


(a) 
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Medium 2 
HM? Hi 


Medium 1 
Hi 





B 1 
First 
Principal 
Focal Plane 
(b) 
Fig. 48 
In terms of focal length; f; the refraction formula expressed in Eqn. (1) can be rewritten as 
Ba _| Bi | H2 
TO X 


The Power of a Spherical Surface 


The reciprocal of focal length fof the refracting surface expressed in meter; is the power P ofthe surface. 
SI unit of P is diopter. Expressed mathematically 


P (in diopter) = ———__~ 
(in diopter) f (in meter) 

For H, > H4 ; P is a positive number for a convex refracting surface and is a negative number ofa concave 

surface. However sign of P changes for both surfaces it u, < u. 

Refraction at Spherical Surface for an Object of Finite Size 


Fig. 50 shows an object PQ = h, placed in medium 1. P'Q' is the real, inverted image formed in medium 
2. P'Q' =h, is length of image formed. In terms of co-ordinate convention of sign 


y, =SIZE of image = + h, 
y, = SIZE of object =- h, 


The transverse magnification= m= 2 . It can be shown that 


ERA 
m (%) ne (7) 





Vv . Ś ý TE 
Where v' =— = reduced image posion and u' = — = reduced object position. 
H2 H 
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Medium 1 A 
uy Medium 2 
He Hy 








28. — l 1 
k——— b ——— 


Important Note: 
Fig, 49 
The following table gives the sign of u, v, fetc. for refraction at a spherical surface. 


(i) Convex Surface f is+ve for p, > Hy, 
is—ve for H, < H; 
(ii) Concave Surface] f is—ve for p, > 4, 
is +ve for H, < p, 
Objecct u_is—ve for areal object 


is +ve for a virtual object 


Image v is +ve for a real image 


is—ve for a virtual image 

Magnification mis +ve for erect image 
is—ve for inverted image 

|m|> 1, enlarged image 


< 1, diminished image 





Example—23: 


A point object is placed at a point mid—way between the center and surface of a glass sphere of 
radius 10 cm refractive index 1.5. What is distance of the image as seen from air outside from 
the side of the sphere to which object is nearer? 


Solution: 


In Fig. 51 P is the point object inside glass. Observer is to the right of point O. We have 
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H, = 1.5; HJ =1.0;u=-5 cm;R=-10cm; v=? 


Fromrefraction formula at a spherical surface 


Hy (“)- H, 7H, 
v u R 








we have 
1 (1.5 )_ 10-15 
v \(-5) (-10) 
or 1.4 (3) --(3) k— 10cm—" 
v 20 0 20 Bei 
or v=—4 cm Fig. 50 


Since v is negative the image Q is virtual, at a distance of 6 cm from the center of sphere. 


Example-24: 

A parallel beam of light travelling in water ( Hy =% ) is refracted by a spherical air bubble of 

radius 2 mm inside water. Find the position of image due to refraction at both surfaces of bubble. 
(LI.T 1992) 


Solution: 


Water 





—— 6mm —>k— 2mm — 





i 10 mm » 
Fig. 51 


For refraction at first surface 








u, = 4/3; p, = 1.0; u, œ; R, =+ 2mm 


1 


689 


UDOON 


A program to give wings to girl students 


Using refraction formula we have 


1_ (4) _1-(%) 
vi (—00) 2 





v, =—6 mm 


For refraction at second surface Q, acts as object. The final image is Q, as shown in Fig. 52. For second 
surface 


u, =—10 mm; v, = ?; R, =—2 mm; u, = 1.0 and p= 4/3 
Using refraction formula; we have 


(4) l 1 | (4)-1 


v, | (-10) 








ae =—5 mm 


Since v is negative the final image Q, is VIRTUAL at a distance of 5 mm from O,. 


Example—25: 


PQ is an incident ray on a sphere of radius r and 
refractive index u. It passes through the edge Q and R 
of two radii inclined to one another at an angle of 120°. 
The net deviation the ray undergoes in passing through 
sphere is 30°. What is u? 





Solution: 





Fig. 54 shows the refraction ofray through the sphere. Let i 
and r be angle of incidence and refraction at Q. From triangle QCR. 


6+2r=n7 
or 2r=r-0 nae (1) 


The total deviation § ; is 


5=6, +5, =2(i-r) 





or 2r=2 -ð a (2) 
From Eqns. (1) and (2) we have Fig. 53 
n—-0=2i-őð 
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m+(8-6) 180+(30-120) _ 
2 2 





or i= 45° 


From Eqn. (1); we have 


_ _ 180-120 
2 


=30° 


Applying Snell’s law at point Q 


lsini=psinr 





sin(45) 2 
a eae) 
a ein 30 V2 v2 


Example-26: 


A spherical surfaces of radius of curvature R seperates air ( u= 1.0) from glass (n, = 1.5) . The 


centre of curvature is in glass. A point object P placed in air is found to have a realimage in the 
glass. The line PQ cuts the surface at a point O and PO =OQ. What is distance PO? 


Solution: 
Let PO=OQ=a 


We have the relation 


H(t) Babs and = u=-z,v=zZ 
v u R 


TOORA 


2.5 _ 0.5 
R 











or = 


a=5R 
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Example—27: 


A convex surface of radius 20 cm seperates water (H, = 1.32) and glass (H, = 1.5). An object of 
length 1 cm is placed perpendicular to principal axis, in water; at a distance of 40 cm. What is 
position, natural and length of image formed? 


Solution: 
Given u = 1.32; p, = 1.5; u =—40 cm; R=+20 cm; v=? 


From refraction formula 


Hof H |_ Be TH 
v u R 


We have 





1.5 1.32 1.5-1.32 
v 


(-40) 20 


or 


or v =—62.5 cm 


Negative sign ofv indicates that image formed is virtualat a distance of62.5 cm from the convex surface. 
The magnification, m; 


neo PKs) + 1.33 
May (4% 39) 


The positive sign ofm indcates erect image. The length, /,, ofimage is 





l, =|m|xlength of object 
= 1.33x1 = 1.33 cm 


The image formed is virtual, erect at a distance of 50 cm and has a length of 1.33 cm 


THIN LENSES 


A lens is a refracting medium bound by two spherical surfaces. There are two type of lenses (i) convex 
lenses and (ii) concave lens. The three variation of each type as shown in Fig. 56. 
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Bi-concave Plano-convex Concavo-convex 





i 
Bi-concave Plano-concave Convexo-concave 


Fig. 55 


O O, =t= The thickness oflens. For a thin lense t is very small as compared to object or image distance 
or focal length of lens. 


Refraction at a Thin Lens 


Fig. 57 shows a convex lens ofa material of refractive index |1,. The media on the two sides of the lens 


have refractive index u, and u, respectively. P is a point object placed on principal axis in medium 1 
known as object space. PA is incident ray on the first surface of lens. Had there been only one surface the 
refracted ray AB would have met principal axis at Q,. For refraction at first surface 


tb; R, = +c 











u =a V, 


Fromrefraction formula at a spherical surface 








H2 Hy H-H 1 
(+b) Ga) (Fe) () 
The refracted ray AB from first surface meets second surface of lens at B and the emergent ray BQ meets 


principal axis at Q. Q is final image formed by lens due to refraction at both surfaces. For refraction at 
second surface of lens Q, acts as a virtual object forming real image Q. For refraction at second surface 


u, = +b, v,=+b; R, =-d 


(sb) [i | = ay = (2) 


Adding Eqn. (1) and (2) we have 
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bs 


Mediwn 1 Medium 2 
M B Ms 





Fig. 56 


Let u and v denote the position ofobject P and final image Q. In terms ofco—ordinate convention ofsigns. 














u=—a; v=+bh R= +R =d 


We rewrite Eqn. (3) as 





H, |H HWH | Us THe 
= + 
í ü ) R, Ro (4) 


Equation (4) in the refraction formula for a thin lens. Commonly the media on both sides of lens is same i.e. 


H, =H; Eqn. (4) reduces to 


Heg 7 


This is refraction formula for a thin lens. 








Focii and Focal Length of a Lens 
(1) Second Principal Focus, F, 
Consider a parallel beam, parallel to principal axis, incident on lens. The refracted rays meets or 


appears to meet principal axis at f,. f, is the second principal focus of lens. Position of F, gives 
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second principal focal length F,. Expressed mathematically; 
u=—-o,v=f, 


From Eqn. (4) we have 





Hs oo as , a 
f R, Ro (6) 


(2) First Principal Focus, F, 


Fis a point on principle axis where ifan object is placed or appears to be placed the refracted rays 
are parallel to principal axis. F, is known as the first principal focus. Position of F, gives the first 
principal focal length f, of the lens. In language of mathematics 


u =f;v=+o 


From Eqn. (4) we have 


Hy) Ho TH We THs 
r , 


1 1 





Note in general |f,| + f, In words; in general the two focii are not equidistant from lens. 


The focal length fof lens is the position of second principal focus i.e. f, = f. In terms of focal length, f; 
Eqn. (4) is rewritten as 


ufe sB (8) 


v u 


This is the genral refraction formula for a thin lens. However commonly u, = u, ; Eqn. (6) and (8) reduces 


1 H2] 1 1 
f H R RJ 0) 


to 








Eqn. (9) is known as Lens Maker ’s Formula For a lens placed in air, i.e. u, = 1 and u, =p the lens 


maker’s formula reduces to 
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Nature of a Convex and a Concave Lens 
Case-I : Convex Lens 


For a convex lens; R, = +c and R = —d. From Eqn. (9); 


[te ,\(1 1 
(ee) a 


(a) Let u, >u, Le. refractive index of lens is more than refractive index of medium in which lens is 
placed. From Eqn. (11), fis a +ve number. The incident parallel beam on lens, after refraction 
actually meets principal axis at F, as shown Fig. 58 (a). Under these conditions convex lens behaves 
as a converging lens. Fig. 58 (b) shows position of F, since M, =H;; |f] = f, = f Le. 
the two focci are equidistance from lens if medium on both sides of lens is same. 


=|= 


F, 
F, 
Second First 
Principal Principal 
Focal Plane Focal Plane 


(a) (b) 
Fig. 57 
(b) Let u, <u. From Eqn. (11) fis a negative number! This means a convex lens behaves as a diverging 


lens. The converging or diverging nature of lens depends the nature of medium (i.e. 4) in which lens 
is placed. 


Case-II : Concave Lens 


In accordance with the sign convention, for a concave lens R| =—c, R, = +d. From Eqn. (9); the focal 
length, f; of lens is 


rec 


(a) Let u, > H; fis anegative number. This means a parallel beam, incident on a concave lens appears 
to meet principal axis at F, as shown in Fig. 59 (a). The concave lens behaves as a diverging lens. 
Fig. 59 (b) shows position of F. 
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Second First 
Principal Principal 
Focal Plane Focal Plane 
(a) Fig. 58 (b) 


(b) Let p, < p; fisa positive number. The concave lens new behaves as converging lens! 


The Power of a Lens 


The power, P, of a lens describes the ability of the lens to bend incident rays towards or away from 
principal axis. It is the reciprocal of focal length expressed in meter. S.I unit of power is dropter. 


P (in diopter) = f (in meter) 


A positive value of P indicates converging behaviour and a negative value the diverging behaviour of the lens. 


Object of Finite Size 


Case-I : Convex Lens 





K———_ (e e — 


Fig. 59 


Fig. 60 shows an object PQ =h, placed perpendicular to principal axis at a distance a from the lens. P Q, 
=h, is the real; inverted image formed. The transverse magnification, m; is 
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_ sizeofimage _ y, 





sizeof object y, 


It can be shown that 

an 

Let x, be the distance of the object from F „ and x, the distance of image from F,. Then 
a (13) 

This is Newton 5 Formula 


The following table gives the nature, position and magnification ofa real object as it moves from infinity, 
towards convex lens. 


At infinity Focus real, inverted, highly diminished 


In between oo and 2F In between F and 2F real, inverted, diminished 

At 2F At 2F real, inverted, same size as object 
In between F and 2F Beyond 2F real, inverted, enlarged 

AtF At infinity real, inverted, highly enlarged 





In between O and F Beyond lens virtual, erect and enlarged 


Case—II : Concave Lens 





K— b = 
—— i — 


Fig. 60 
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Fig. 61 shows the virtual, erect and dimished image P,Q, ofa real object PQ. A concave lens forms a 
virtual, erect; dimished image ofa real object irrespective of the position of object. 


Two Thin Lenses in Contact 


Fig. 62 shows two co-axial thin lenses L, and L, of focal length f, and f, in contact. Treating the system 
as a thin lens; the equivalent focal length; f ofthe combination is 


i 


Fig. 61 


1 1 
— +— 
f f, 


m | = 


In terms ofpower, the above equations is rewritten as 
P=P +P, 


For a number of co-axial thin lenses, in contact, the treating the combinations as a thin lens; we have 


1 1 
—=)—; P=) P. 
f 27 2 


j 
j 


When one surface ofa thin lens is silvered; the rays are reflected back from the silvered surface. The set up 
behaves like a spherical mirror. The ‘thumb rule’ for the equivalent focal length fof the spherical mirror is 


f is the focal length ofthe lens or mirror; to be repeated as many times as reflection or refraction respectively 
is repeated. 


A plano—convex lens silvered at its plane surface as shown in Fig. 63; there are two refractions and 
one reflection; therefore 





f is focal length of plano convex lens. Obviously; f = focal length of mirror = 2 
Fig. 62 
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Fig. 63 





OPTICAL INSTRUMENTS 
Microscope is an optical instrument used to forn an enlarged image of a nearby small sized object. 


M.P = The magnifying power of microscope 





E angle subtended by image B 
angle subtended by object when placed at distance of distinct vision  a& 


A simple microscope is a short focal length, f, convex lens. The object to be magnified is placed within 
focus and optical center of lens. The image formed is virtual; erect and enlarged. 


The Compound Microscope 


A compound microscope consists oftwo short focal length co-axial convex lenses a finite distance apart. 
The object to be magnified is placed in front ofO-ens of focal length f and is close to but outside the focus 
F, The O—lens forms a real; inverted and enlarged image. This image acts as object for the E—lens of focal 
length f . The final image formed is inverted with respect to the object. 


M.P. = The magnifying power = |m,| x Im] 


m, and m, denote magnification due to O—and E — lens respectively. For a microscope forming final image 
at distance of distinct vision; 


mp-(2-1| [2 hs (1) 


The length of microscope = Distance between O and E — lens 
šb ta (2) 
a, <f; is distance of image formed by O — lens from E — lens. 


Ifmicroscope is so adjusted that final image is at infinity; the M.P is slightly less than what is given by 
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Eqn. (1) and the length is more than given by Eqn. (2). 
The Telescope 
Telescope is an optical instrument used to form an enlarged image ofa far offlarge sized object. 


M.P = The magnifying power of telescope 


anglesubtendedbyimage p 





~ anglesubtended byobject ` a 


An astronomical telescope consists of a large aperture, large focal length (£) O—lens. The eye—lens (E — 
lens) is a co-axial convex lens of small focal length f. For an astronomical telescope, in normal, adjustment 


M.P = 


a? |> 


Length of telescope = Distance between O and E- Lens =f + f, 
Example-28: 


An equi—convex lens of radius 20 cm has a refractive index of 1.5. The difference in the focal 


length of the lens when surrounded by water ( p= $) and air is 





(a) 60cm (b) 20cm 
(c) 10cm ) 80cm 
Solution: 
1 1 1 1 1 

=(_ uë —1 =(1.5-1 + 
Ge Ir a l IE =) 

f =20 cm 


When lens is immersed completely in water 


roth 159 
” P % 8 
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fa =80cm 
The difference in focal length oflens in water and air is 
f, —f, =80-20=60cm 
Hence option (a) is correct 
Example—29: 


A hollow double concave lens is made of very thin transparent material. It can be filled with air or 


either of two liquids L, and L, having refractive indices 4, and H, respectively (H,>H,>1). The 
lens will diverge a parallel beam of light if it is filled will 


(a) air and placed in air (b) air and immersed in L, 
(c) L,andimmersed in L, (q) L,andimmersed in L, 
Solution: 


Let u, denote the refractive index oflens and H, the refractive index of medium. From lens maker’s 


1 uL l 1 1 
f Hm R R, 


: ; ; va t. 1 : ; 
For a double concave lens R, is negative and R, is positive. Hence E ) will be negative number. 


formula 








1 2 


The focal length f of the lens has to be negative if it has to behave as a diverging lens. For this to happen 


m 


(=- r) should be positive implying that u, > p,,. Also it is given that u, > u„ andalso u, >p. 


considering all this information lens should be filled with L, and immersed in L.. 
Hence option (d) is correct. 
Example-30: 


A square of side 1 cm is placed on principal axis of a lens at a distance of 20 cm. The lens projects 
image of area 16 cm’ on a screen. 


(a) Whatis distance between object and screen? 


(b) Whatis nature and power of lens? 
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Solution: 


Since the area of image is 16 times that of object; the magnitude of linear magnification =4. The image is 
projected ona screen; therefore it is a real image and therefore inverted, i.e. 


m=—4 


Also u=—20 cm; therefore 


Ta) 


or v= +80 cm 





The distance of screen from lens is 80 cm. Obviously distance between screen and object = (80+20) cm 
= 100 cm. Let fbe the focal length of lens. From refraction formula 


elenl 
-~ f=16cm 


The positive sign of findicates convex lens. The power, P, of lens is 
1 
P =—— D=6.25D 
0.16 


Example-31: 


A beam of light converges towards a point P as shown in Fig. 64(a). A concave lens is placed 10 
cm in front of P. The point where beam now converges moves away by 50% of distance of lens 
from P. What is focal length of the lens? If lens is made of a material of u = 1.5; assuming that 
the two faces of lens have same radius of curvature; calculate the radius of convature of each 
surface of lens. 


Solution: 


Fig. 65 (a) shows the incident convergent beam. Fig. 65 (b) shows concave lens placed in front of P. Now 
P acts as a virtual object forming real image Q. Therefore 


u=+ 10cm; v=+15 cm; f=? 


From refraction formula; for a lens 


1 fù1)-1 
is (10) f <. f=-30cm 


Let c be magnitude ofradius of curvature ofeach surface of lens. According to co—ordinate convention. 
R, =—c; R, = +c. From lens maker’s formula 
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eg HOH 











«+ 10 cm — 
w— 15cm —— 


(a) A (b) 
Fig. 64 
Example-32: 


A concave lens has a focal length f. An object is placed at a distance x times the focal length of 
the lens. What is the magnification? 


Solution: 


Let e be the magnitude of focal length of concave lens. The object is at a distance xe in front of lens. 


Therefore u = —xe. Let v be the position of image formed. Using lens formula EL = 1 we have 
v u 





xe 
v=-|— 
f +x | 
The transverse magnification = m = M 
u 
= = k + ad] = | 1 | 

- (xe) l+x 
Since mis positive, image formed is erect. Also |m|<|; the image formed is diminished. 
Example—33: 


A short linear object of length £ lies along the axis of a concave mirror of focal length f at a 
distance a from the pole of the mirror. The size of the image is approximately equal is 
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o (5 Te 
o {= @) (+) 
Solution: 


1 


Inthe mirror formula —+—=— 
v u f 


fis a constant so we have on differentiating 


-v” dv —u” du —0 (i) 


2 
or dv -{ Ju 
u 


|dv| is representing the size of the image and |du] is size ofobejct lying along the axis = 7. 


From the mirror formula we also have 


“-(4) i 
u? lust a) 


From Eqns (i) and (ii) we have 
f 2 

Size of the image = (=) 

u-f 
Hence option (d) is correct. 
Example—34: 
A thin equiconvex lens is placed on a horizontal plane mirror and a pin held 20 cm above the lens. 
The system forms an image that coincides in position with the position of the pin. Now the space 
between the lens and mirror is filled will water | p = 3 and then to coincide the pin with will its 


own image, the pin has to be raised until its distance from the lens is 30 cm. What is the radius of 


curvature of lens? 
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Solution: 
The image of pin coincides with of pin ifincident rays from pin after refraction through lens fallnormally on 
plane mirror as shown in Fig. 65. Pin is position of focus of the lens. 
». £=20cm 


Let the focal length of water lens be f, then for the combination of the two 
lens, the equivalent focal length F of the combination is 30 cm. We have 


+ 


wn fe 


a 
f, 


=|= 


re sews 
2 30 20 f, 


1-1 (1). 
f, 30 \20 


ta) 











= —60 cm 
For the liquid lens 
1 1 1 
Zs ( u- 1) a 
f, R, R, 
where y is refractive index of water. For plano-convex water lens R, =- c, R, = œ; therefore 
: = (44) (+) l <. c= 20 cm 
(-60) 3 -c 0 
Example-35: 


Alens having focal length f and aperture of diameter d forms an image of intensity I. Aperture of 
diameter T in central region of lens is covered by a black paper. Focal length of lens and intensity 


of image now are 


I 3f I 
f and — — and — 
(a) ; o zmis 
3I f I 
f and — — and — 
© i © zi; 
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Solution: 


It is evident that by convering the aperature of diameter : , focal length of lens does not change. However 


3 
since the in this process the area is reduced to 7 th ofits earlier value, the intensity ofthe image will be 


reduced by i 

Hence the focal length will remain fand new intensity ofthe image will be 
eT 

Hence option (c) is correct. 

Example-36: 


The focal length of the objective and eye piece ofa telescope is 50 cm and 5 cm respectively. The 
telescope is focussed for distinct vision on a scale 300 cm away from the objective. The seperation 
between the objective and eye piece is 


(a) 50-5cm b) ~ 64cm 
(c) ~ 56cm (d) ~ 60cm 
Solution: 





<— 30m — 1 Be Él j- 
Fig. 67 


As shown let AB be the position of the object and let A'B' be the image formed by the objective lens. 


vf, — -300x50 


Then v = 
u-f, —300+50 





60 cm. E u=-300cm, f, = +50cm | 


This image A'B' serves as an object for eye piece. The distance between A'B' and the eye piece is 
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u'=L—60 where L is the seperation between the two lenses. The final image distance is v'=—25cm 
from the eye piece. Now 








u' v'f, -25x5 25 m af 5 
v-f, -25-5 6 [f= +5em] 
be 46022 aie 

6 6 

Example—37: 


A convex lens B of focal length 20 cm is placed at a distance of 30 cm to the right of an identical 
lens A. A point object is placed at a distance of 30 cm to the left of A. A convex mirror of radius of 
curvature 6 cm is to be placed on the common axis of the lens at a distance x from lens B such 
that the final image formed by the arrangement coincides with the object. xis 


(a) 54cm (b) 6cm 
(c) 18cm (d) 12cm 
Solution: 





i<—_— 30 cm —————> : 
k— 30 cm ———>— vv, = 60 — 


Fig. 68 
For the lens A 


u,=-30cm, f,=20cm, v=? 


1 1 1 ( 1 ) ( 1 ) 
e 
v f u \2V \30 


or v, = 60cm 





Had there beenno lens B lens A would have formed a real image of the object at 60 cm shown as I, in Fig. 
68. For the lens B, I, acts as a virtual object. Therefore 


u,=+30cem, f,=20 cm 
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From lens formula we have 


l 1l 1 1l 1l 
=—+—=—+ 
f, u, 20 30 





V2 


or v,= 12cm 


The refracted rays from lens B must fall normally on convex mirror so that rays retrace their path and the 
final image formed by system coincedes with object O. This will be so ifray incident on convex mirror 
would have met at center of curvature C of mirror. Obviously from Fig. 68. 


0,C = 0,0, + 0,C 


or 12=6+x [Given O,C = 6cm] 
x= 6m 
Example-38: 


(a) A thin convex and concave lens of power 5 D and 2.5 D are placed co—axially in contact 
with one another. An object of length 2 cm is placed 100 cm in front of the combination. 
What is position and length of image formed? 


(b) Keeping object and convex lens in position concave lens is moved away by 10 cm. What is 
change in position and length of the image formed now as compared to their earlier values? 


Solution: 
P, = The power of convex lens = +5 D, P, = The power of concave lens =—2.5 D 


~. P= The power of the combination = P, + P, = +2.5 D 


m=40cm 


az 
2.5 


nol 


f=The equivalent focal length of the combination = 


For the combination, given 


u, =—100 cm, v, =? Using the lens formula we have 


ee 


v= = = 66.67 cm 
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: ; Vi 2 
The magnification =m= — =—| > 
u 3 


4 
.. Length ofimage formed = |m|x2 cm = => 1.33cm 


Fig. 69 shows the arrangment when concave lens L, is moved away from the convex lens L.. 


n— 24 cm — 
k-15 cmi 





10cm > 


——_ 100 cm —————— 25 cm —— 


Fig. 69 


For Convex Lens 


u; =—100cm; f, =+20cm, v; =? 


1 1 ]1 
E E or v,=+25cem 





The magnification m, due to convex lens is 


-4-2 A) 
noy Go 4 


The image P,Q, formed by convex lens is real, inverted and diminished. 
Length of image P Q, = |m,|x2 cm= 0.5 cm 

For Concave Lens 

P Q, acts as a virtual object for concave lens. Therefore 


u, = +(25-10) cm = +15 cm; v, = ?; f, =—40 cm 
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1 1 1 
+15 = (40) or v,=+24cm 


Vv 
The final image P,Q, is real at a distance of 24 cm from L,. The magnification m, due to concave lens is 


_V, _ 24 _ 


=—+4 =—=1.6 
u, 15 


2 


The image P,Q, is erect with respect to P,Q. i.e. inverted with respect to object PQ. 
The length of image P,Q, = 1.6x0.5 =0.8 cm 





The change in position of image = (24+10) — 66.67 = —32.67 cm 
The change in length of image = 0.8 — 1.33 = —0.53 cm 


Example—39: 

e— 0.9m —— 0.8m —— 
A thin equi—convex lens made of glass of refractive ! 

3 
index 4, 3 and focal length 0.3 m in air is sealed 
4 

into an opening in a tank filled with water p, = .On 
the wall of tank opposite lens a mirror is placed as i 
I 


shown in Fig. 70. The distance between the lens and 





the mirror is 0.8 m. A small point object Pis placed on 
principal axis at a distance of 0.9 m from the lens. 
Find the position of the final image with respect to 


lens, due to the system. 
Fig. 70 
Solution: 
Let c be the magnitude of radius of curvature of each surface of equiconvex lens of f= 0.3 m (given). Using 
lens maker’s formula 
1 1 1 
—=(1.5-1)}-+-|] » c= 
03 ( (|: H) “ c=0.3m 


First image of P is formed due to refraction at lens L. Let H,, H, and H; be refractive index of object 
space, lens material and image space respectively. u and v represent the object and image position. Then 





H3 [i] =H pe Ne (1) 
v u R, R, 
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For first refraction at lens L 





u, =—0.9 m; H= 1.0; H, = 3/2; Hs = 4/3; R, = +0.3 m, and R, =—0.3 m 


(34) f 1 ea oo 


v, [(=0.9)| 0.3 ` (-0.3) 








if 


y=l2m (2) 


Had there been only lens L, the image Q, of P would have been real at a distance of 1.2 m from L. 
However the refracted rays undergo reflection at mirror M on the opposite wall. For mirror M, Q, acts as 
a virtual object at a distance of 0.4 m from M. The mirror forms a real image Q,; 0.4 m in front ofM. Q 
acts as a real object in water and refraction 
again takes place at lens L. To apply 
refraction formula at L, imagine diagram to 
be rotated by 180°, so that incident ray on L 
are moving from left to right, in accordance 
with sign convention. Now 


2 





4 3 
hsg =z Ps l; u, =-0.4m; v, = 





9 








From Eqn. (1), we have 








l 
l-> “ 09m bit 08m oa! 0.4 m — 
1 (2) -eal 2 M- 0.4 rm 
v, (-0.4) 0.3 (-0.3) ede | 
Fig. 71 


v, =—0.9m 
Negative sign ofv, indicates that final image formed (Q)is virtual at a distance of 0.9 m from lens L. 


Fig. 73 shows the ray diagram for image formed by the system. 


Fig. 72 
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Example—40: 


Consider a concave mirror and a convex lens 
(refractive index 1.5) of focal length 10 cm each 
seperated by a distance of 50 cm in air (refractive 
index = 1) as shown in Fig. 73. An object is placed at a 
distance of 15 cm from the mirror. Its erect image 
formed by combination has a magnification M.. 


When the set up in kept in a medium of refractive hea 


index 7/6 the magnification becomes M,. What is n—— 50cm ——— 
M,/M,? Fig, 73 
Solution: 


Case-I : Arrangement in Air 


20 cm» 


(a) For Convave Mirror 


u =—15 cm; v,=? f, =—10 cm 








1 1 1 
—+ =— or v,=-30cm 
v] (-15) -10 
P, 
v e15 cm 
m, = magnification due to mirror = +=2 — 30 cm ———-»1 
u n— 50 cm — 
(b) For Lens Fig. 74 


The image P Q, acts as object for lens. For lens 


u, =-—20 cm; v, +? £, = 10 cm 


Ki (Heet or v, = 20cm 
v/ (-20) 10 í 
m =~2=-1 
Fi 


|M_|=Magnitude of magnification due to combination 
=m kaS 00 (1) 


Case-lI : Arrangement inside medium 


For reflection at mirror there is no change. Let f, be focal length of convex lens inside medium. 
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L(g Dag Pat. 
fi (X R, R, f (2 R, R, 


f, =— cm 








For lens 


u, =-20cm, v, =? f; -Zom 


D (1) oe or v,=140cm 

lv) (-20) 70 ? 

140 
=== 

"e T20) 

Now, 
|M, Hm |x|m, E14 (2) 

Mi oanl 

M, 14 7 
Example—41: 





(0, 0) i 
k— 50 cm ——I1 
Fig. 75 


Asmall object PQ is placed 50 cm to the left of a thin convex lens of focal length 30 cm. A convex 
spherical mirror of radius of curvature 100 cm is placed to the right of the lens at a distance of 
50 cm. The mirror is tilted such that its axis make an angle of 0 = 30° with axis of lens as shown 
in Fig. 75 If the origin of co-ordinate system is taken to be the center of the lens, the 


co-or dinates (in cm) of the point (x, y) at which is formed are: 
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125. 25 
O 335 b) | (50-2543); 25 | 
© [0,0] @ [25; 25/3] 

(LLT Adv. 2016) 
Solution: 


For lens L; u, =—50 cm, v, =?, f=+30 cm. From lens formula 


(1) 1 1 
(y (-50) 30 z. V,=75cm 











>X 








¢— 50 cmr 50 cm > 


—_——— 75 an———___ 
Fig. 76 


Had there been only lens L; the image Q, would have been at a distance OQ, = 75 cm as shown in Fig. 76. 
For mirror M; Q Q, acts as a virtual object. The distance of point Q, from mirror 


0,Q, = OQ, cos 30 = ae cm. 


Q Q, =h, = Length of virtual object for mirror. 
; 25 
=0,Q, sin 30 = a cm 


For mirror 


253 


u,=4 cm; v, =? R =+100 cm 
2 





From mirror formula, we have 
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1 _2 


1 
v, (4) 100 





2 


1 1 [ 2 ]_ {3-4 


Eo a 50 cad 50/3 
. vda 











4-43 


| cm=-38.2 cm 


Since v, is negative, the image formed is real. Distance O R, = 














E 
A 4-3 


u, 


The magnification m | 


RR, =h, m| 


25 50/3 x2 50 


3” 25434-43) | (4-45) 





In the figure R is final image ofpoint Q. FromFig. 77 the 
x—co—ordinate of point R = 50 — O R, cos 30 + RR, cos 60 








50 { E c E 
40-43 J| 2 (4-43) 2 ~25em 
From Fig. 77 the y-co—ordinate of point R 
=0 R, sin 30 + h, sin 60 


E a)i 50 lea 
40-73) 2 \4—3)| 2 
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cm = 26.45cm 








a 38.2 
: E 38.2 cm 
: i 30° CSS 
O O, 


— 50 cm —— 


Fig. 77 
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WAVE OPTICS 


The study ofwave optics involves the study ofthe phenomenon supporting wave nature oflight. The basic 
phenomenon involved are: 


(1) Interfernece 
(2) Diffraction 
and (3) Polarisation oflight. 


Wave and Wave—Front 


The phenomenon ofwave—motion involves the propagation ofa disturbance in a medium. The particles of 
medium execute SHM about their respective mean positions. There is propagation ofenergy in the direction 
of wave motion. According to E.M theory light is electromagnetic waves of wave length range 
4000-7500 A. This is the visible part of electromagnetic spectrum. In E.M waves the electric and magnetic 
fields executes SHM in mutually perpendicular direction. Both the directions are also perpendicular to the 
direction of wave motion. 


The concept of wave front is a ‘geometrical’ idea used to visulise propagation of waves. The wave-front, 
at any time t =t, is the locus of all those points of medium that are in phase. For a point source S; the 
wave front is a sphere of radius Vt with S as center shown in Fig 78(a). V is speed of waves in medium. 
The direction of the ray at any point on wave front is in the direction of normal to wave front at 
the point considred. Fig. 78 (b) and Fig 79(a) and (b); show wave front of a (i) a parallel beam; 
(ii) convergent beamand (iii) divergent beam. 


Ray 
Spherical fa 
WF Plane-W.F 
Parallel-Beam 
(a) (b) 
Fig. 78 
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7 


Spherical W.F. Spherical M 
Convergent-Beam Divergent-Beam 
(a) b) 

Fig. 79 


Huyghen’s Principal of Secondary Wave—Lets 


Huyghen’s principal is a ‘geometrical way’ to describe 
propagation ofwaves via wave front in a medium. Given a wave 
front say at t = 0; the position and shape of W.F at t = t is 


obtained using Huyghen’s principle. According to this principle: Secondary 


Wave Lets 

(1) Regard every point on given W.F as an imaginary point 
source. The disturbance in medium due to this imaginary 
point source is known as a secondary wavelet. 


(2) The speed of secondary wavelets depend on the nature 
of medium in which the wavelets propagate. 


(3) The amplitude a, of secondary wavelets in a direction 





making an angle 9 with the forward direction of wave I «— New WF 
> r 3 Given W.r —* att=t 
motion, is proportional to (1 + cos@). att=0 x ry 
(4) The new W.F att =t; is the tangential plane or envelope Fig. 80 


of all secondary wavelets. 


Fig. 80 shows a given wave front XX, at t = 0. The new—wave front YY, at t = t is obtained using 
Huyghen’s principal. Ina homogeneous, isotropic medium shape of W.F remains same. When light undergoes 
reflection or refraction in general; the shape and orientation of W.F changes. 


INTERFERENCE OF WAVES 


Consider two or more than two waves arriving at the same point of a medium simultaneously. The resultant 
disturbance at this point is the resultant of the disturbance due to each individual wave, in accordance with 
the principle of superposition of waves. This results in a modification (or redistribution) of energy (or 
intensity) in the medium. This is known as interference of waves. Interference is easily observed with 
(i) sound (ii) water waves etc. 
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Fig. 81 shows two identical source of waves S, and S,. The disturbance 

from the two arrives at a point P on screen travelling path S P and S,P P 
respectively. SP- S P= A = The “path difference” between the two 
disturbances at P. Ifthe two disturbances arrive IN PHASE at P; they © 
add up. The resultant disturbance is more. We say constructive s 
interference has occured at P. Expressed mathematically f 





A=S,P-SP=nd; n=0,1, 2,3, cre come (1) ee 


Ifthe two disturbances arrive OUT OF PHASE at P they substract 
from one another. The resultant disturbance is less than due to each individual wave. We say destructive 
interference has occured. Condition for destructive interference is 





A =S,P-SP= (2n 1); n=1, 2,3... (2) 


In terms of phase difference, § = a A) ; the conditions of constructive and destructive interference is 
À 


Constructive Interference 
6=2n7, n=0, 1, 2, 3,........ 

Destructive Interference Pe (3) 
5=(2n-1)n, n=1, 2, 3,....0.. 


In writting Eqns. (1), (2) and (3) we have assumed there is no intial path or phase difference between S, 
and S,,. In general if A, is the initial path difference (or 6, is the initial phase difference) between S, and S.; 
Eqn. (3) is rewritten as 


Constructive Interference 
6,=6,+6=2nn, n=0,1,2,3,...... 


Destructive Interference  s—s—CSsSOaas (4) 





5, =6,+6=(2n-1)x, n=1, 2, 3,........ 


Interference between Two Sources of Light — Coherent Sources 


The interference effect at any point is to be observed by the eye. Due to persistence of vision eye cannot 
detect rapid changes in intensity. To observe interference, we want the effect at any point to remains same 
at all times. This will be so if 5. does not depend on time. For a given set up; for a particular point P; § 
is time independent; therefore 5, willnot depend on time if 6, remains same at all times. Any two sources 
of light having same phase difference at all times are known as coherent sources. To observe 
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interference with light we must have coherent sources. 


Independent; idential sources of light are not coherent sources. Their phase difference changes 10° times in 
one second. With such sources the interference pattern changes 10* times in one second. The eye cannot 
follow such rapids changes. The interference produced is, therefore, not observed. To observe interference 
with light we have to produce coherent sources from an incohorent source. This can be achieved by using 


(i) reflection 
(ii) refraction 


(wi) multiple reflection and refraction of light 


Young’s Double Slit Experiment 


Fig. 82 shows standard Y.D.S experimental setup. S, and S, are two very fine slits distance S S, =d apart 
in an opaque screen. S is a monochromatic source emitting light of wave length À. A screen is placed at a 
distance D (D>>d) from S, and S,. S is an incoherent source. Since SS =SS,; the disturbance from S 
reaches S and S, simultaneously. Though phase of S and S, changes with time; their phase difference 
is zero at all times. S, and S, behave as two coherent sources P is any point on screen at a distance OP 
=y from centeral point O. It can be shown that 





a 
S y 
T } 
d grms] o 
+ s, 
Screen 
< D > 








Fig. 82 


A = The path difference between two disturbances at P 


= _ yd 
=S,P-SP= DO (1) 


For constructive interference 


d 
As% =m , n=0, 1,2,3, 
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Eqn. (2) gives location of points of constructive interference. 


For destructive interference 








'd A 
A= (2n—1)5 n=1, 2, 3ye. 
, _[@a-1)D], 3 
or Ya S oq esses ( ) 


Eqn. (3) gives location of points of distructive interference on screen. 


The distance between any two consecutive bright or dark fringes is 


AD 


B= Yii Ya = Yar YaF Fo o (4) 





B is known as fringe width. B is same for bright or dark fringes. We say fringes, in interference, are 
equispaced. The angular width, œ; ofa fringe is 


gale 
Dd 
Note that B is directly proportional to D; however œ is independent of D. 


Let I, and I, be the intensity ofinterferring sources S, and S,. a, and a, is amplitude of oscillations due to 
S, and S,. Then 


kaaj 

L a, 

The resultant intensity; I; at point P where the two disturbances arrive having a phase difference § is 
I=],+1,+2J]L,cos6 a. (6) 


At points of constructive interference; 5=2nn or cosd=+1 


laa 21,41 +277 =(h +¥h) 


=(atay eae (7) 
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At points ofdesturctive interference; § = (2n — 1) m or cos6=-1 


Inn = 1, +1, -2yLL, 
=(Jn~Jb) =(a~aJ e (8) 


2 
Tae as a, +a, 
Lai É ~ i) a (9) 


min 


In standard Y.D.S, experiment; I, = L = I; a, =a, =a, . Eqn. (6) is reduced to 


T=4], cos” (3) 
2 


where I, =41, 


There is no violation of law of conservation of energy in interference. There is only redistruction of energy. 


4 La + Lin; 
Average energy between one max” and min™ = a 


Fig. 83 shows I vs § graph. Note all bright fringes are equibright. 





ón Sn An 3n qm n O n m 3m 4n Sa ón 


ô—> 
Fig. 83 


Distance between m" and n® (n>m) 


(i) bright fringes =(n-m)A , (ii) dark fringes =(n-m) À 
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Distance between m" dark and n" bright fringe 
1 : 
n-m+ > à ifn>m 
1 ; 
n-m- 5 A ifn<m 


Modified Y.D.S Experiment 


Fig. 84 shows a modified Y.D.S experimental set up. Here 


S is not symmetrically placed with respect to S, and S.,. P j 
Due to this there is an intial path difference A, between S, Š y 
dS.. soe 
oe ge O, al 
A, = SS -SS, 3; 
We can also say there is an initial phase difference 6, 5 
between S, and S,. Obviously ô; = ZTA, . The total path Fig. 84 


difference A, at any point P on screen is 





A, =A; +(S,P-S,P)=4;4 = 


The condition for constructive and distructive interference is 














Constructive interference 
d 
A =A; +2 Sake EOP Sis aan (1) 
D 
Destructive interference 
y,d A 
A =A += =- 2 
r=4 + = (2-1) (2) 


The centeral maximum is not located at O. Let y, be the position of central maximum. Putting n= 0; from 
Eqn. (1) we have 


A, +24 <9 
D 
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or Y= ANT PIE (3) 


The negative sign shows that centeral fringe is below point O. If in the modified set up SS, > SS, the 
centeral fringe shifts above point O. The fringe width B , however remains same. 


Let a thin film of thickness t; refractive index u be introduced is the path of one of the two interferring 
beams; say SP; in standard Young’s double slit experiment. The path difference, A', between the two 
disturbances at point P is 


A'=(S,P),, -[(S.P-t),, + tam | 
A thickness t of film is equivalent to a path ut in air. Therefore, 
A'=(S,P-S,P)-(y-I)t 
=A-(m-1)t ae (4) 
This a change ( u- 1) t inthe path difference. Due to this the fringe pattern shifts but B remains same. For 


constructive interference 


a'=¥t(u-1)t =n; n=0, l, ae n (5) 


The centeral fringe shift from O by a distance y,. y, is obtained by putting n= 0 in Eqn. (5). Therefore 


D 
n= = (6) 


Let An be the fringe shift. Then 
D 
yy=(An)B or (u=1)t2= (an)? 
An =(u-1)> 7 
SWI (7) 


White Light Fringes 
Replace monochromatic source S by a white source oflight in Y.D.S experiment. We observe 


(1) Centeral fringe is white. 
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(2) Coloured fringes ofeach of the constituent wave lengths of white source are produced simultaneously 
on screen. 


(3) B is minimum for violet and maximum for red colour. Moving away from centeral fringe O for a 
particular order of interferring (i.e. a particular value ofn); the first coloured fringe is violet and the 
last is red. 


(4) Due to superposition of different coloured fringe patterns; the number of fringes (coloured) observed 
clearly is small (~ 6 to 8) only. 


Example—42: 


Two coherent sources S, and S, seperated by a small distance d 
are shown in Fig. 85. The fringes obtained on screen are: 


Screen 








m d 
(a) points (b) straight lines SS. 

(c) semi-circle (d) coincenteric circles ” 
Solution: = 


P is any point on screen. With P as center draw a circle of radius S,P meeting S P at S,. 


A = The path difference at p 
=S,P-S,P =(SS,+S,P)—S,P 











= S 5; 
=dsin0 [From right angled A S\S,S,] ee 
D 
The condition for say maximum is Fig. 86 


A=dsin0=nA; n= 1, 2, 3......... 


For a particular value ofn fringe is locii ofall point having same value of @. The fringes therefore are 
circular with center O. 


Example—43: 


Y.D.S experiment is carried out by using green; red and blue light; one colour at a time. The 


fringe widths recorded are B; B, and Bp respectively. Then 
(a) Bo >Ba>Bp b) By >Be > PBr 
(c) Pr > Be > Be @) Br >Be > Be 
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Solution: 
In Y.D.S experiment fringe width (f) is directly proportional to à. We know Ag > Ac > Ag. Hence 
Br > By > By. The correct choice is (d). 


Example—44: 


In a Young’s double slit experiment 12 fringes are observed to be formed on a certain segment of 


the screen when light of 2 = 600 nm is used. If the wave length of light is changed to 400 nm, 
number offringes observed in the same segment of the screen is 


(a) 12 (b) 18 
(c) 24 aq) 30 

(I.1.T 2001) 
Solution: 


Let y be the length of the segment of screen considered. Let B, and B, be the fringe width for 


2, = 600 nm and à, = 400 nm respectively. Let n, and n, be the number of fringes of A, and À, 
observed. Obviously 


y =n B, =n,8, 





n AD p MoD 


J n, or n,A, =n, À, 


or 


n, =12x60? -18 
400 


Correct choice is (b) 
Example—45: 


In Young’s double slit experiment d = 0.15 mm; D = 1 m. The distance of 10th dark fringe from 
centeral fringe is 38 mm. What is à of light used? 


Solution: 


The distance of 10" dark fringe from the centeral fringe (zero" order bright fringe) 





1 19 
=| (10-0 = 
[(10-0)-F] p= p 
where is fringe width of fringes observed. 
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D B=38x10°m 
2 
or B=4x10°m 
AD È 
Now p= and d= 0.15 mm= 15x105 m; D = 1 m; therefore 


p Bd _ 4x10? x15x10° 
D 1 





m = 600 nm 


Example—46: 


In a Y.D.S experiment d = 0.15 mm, D = 1m. At a point on screen distant 1.64 mm from the 
centeral point the intensity is 64% of intensity of a bright fringe. What is wave length of light 
used? 


Solution: 


In Y.D.S experiment the intensity I at a point distant y from the central point is 


I= Laax COS? me 
: AD 


Given I = 0.641, ; therefore 


0.64 = cos? ES 
AD 


or cos Ea =0.8 


or PÈ cos” (0.8)=0.417 
AD 


yd  1.64x10°x1.5x10" 
0.41D 0.41x1 





m = 600 nm 


Example—47: 


White light is used to illuminate the two slits in Young’s double slit experiment. The separation 
between the two slits is b and the screen is at a distance d (>>b) from the slits. At a point on 
screen directly opposite one of the slits certain waves lengths are missing. Some of the missing 
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wave lengths are: 


b? 2b° 
=— 4 =— 
(a) A A (b) a 
b’ 2b? 
,=— = z 
© 3d O a 3d 


Solution: 
The wave lengths that are missing at the point P, considered, are the ones undergoing destructive interference. 


The path difference, A ; between the two interferring beams at P is 


b 


— |.b 
a | io eye eee | 
d D 2 





b? 
“2d 


For destructive interferrence 


2 
At Grebe N= 1, 2, 3, 
2d 2 
b? 
r= 
= (2n-1)d 


For different allowed values ofn; is 
Lee 
d’ 3d’ 5d 
The missing wave length is given by (a) and (c). 
Example—48: 


In Y.D.S experiment the two slits act as coherent sources of amplitude A and wave length À. In 
an another experiment with the same set up the two slit sources of equal amplitude A and wave 


length à, but are incoherent. What is the ratio of intensity of light at mid-point of screen in the 
first and the second case? 
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Solution: 


In first case the interferring sources are coherent, constructive interference takes place at mid—point O. 
The resultant intensity. 


1=44? 


In second the sources are incoherent no interferring is observed at mid-point O. The resultant intensity L 
is 


L=24? 


=2 


ma 


Example—49: 


In a Y.D.S experiment the intensity of each interferring source is I,. The intensity of one of the 
two sources is reduced by 19%. Express the change in the intensity of maximum and minimum 
now observed as a fraction of maximum intensity observed earlier. 


Solution: 


Let I, and I. ,, be the intensity of maximum and minimum observed initially. Then 


max 


I~ 41, and I, =9 


r min 


In second case. Now 





L = Iy L= (1-0.19) I, = 0.81 I, 


Let I 


max 


be the intensity of maximum now observed. 


Trax = (lp +-f0-811, i 
=(19/f) =3.611, 


3.61 


Lax = 0.90251 


max max 


Fre. 0.9025 


max 


Let I'in be the intensity of the minimum observed now. 
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ia =[ Ji, -0817 | 
=[0.11,} =1071, 


107 


=— Ina =0.25x107 Lra 
4 ™ a 
I- 
n — = 0.0025 
Example—50: 


In Y.D.S experimental set up two wave length of 500 nm and 700 nm are used. What is the 


minimum distance from the centeral maximum where their maximas coincide? Take a =10°. 


Solution: 


In Fig. 87, P is point where maximas of A, = 500 nm and 
A, = 700 nmcoincide for first time after centeral maximum. Let 
B, and B, be fringe width for wave length A, and À, . Obviously 
B, < B,- Let there be n bright fringes of à, in distance OP = y. 
There will be (n + m) bright fringes of à, . Obviously m= 1, 2, 


er 
OP = nf, =(n+m)B, 
+ À 
o m_b A 
n Bo M 
if sia 
n 
m_2 
or n 5 


kK 


T 


(0) 


ee < 


S, 


Fig. 87 


This means 5" bright fringe of à, . Coincides with 7" bright fringes of à, . Therefore 
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y=7xB,=7x42 


= 7x5x10-7x103 m 
=35x10*m= 3.5 mm 
Example-51: 


In Y.D.S experimental set up shown in Fig. 88; the distance between slits S, and S, is d = A is 
wavelength of light. A parallel beam is incident making an angle i with plane of S, and S,. For 
point P on screen; the condition of (i) constructive (ii) destructive interference is 








Fig. 88 
(a) dsini=nd; n=1, 2, 3,..... b) d(sind)=nd n=1, 2, 3,..... 
dsini = (2n-1)= dsin = (2n-1)= 
(c) d{sinO+siniJ=nd n=1, 2, 3,..... @)  d{sini-sind]=nd n=1, 2, 3,..... 
d [sind + sini] = (2n -1) = a [sini -sind] = (2n -1)Ž 


Solution: 


There is on initial path difference A; = SS; between S, and S,. From right angled triangle S,S'S, shown 
in Fig 89. 





or A =dsini (1) 
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At point P on screen the two disturbances arrived having a 


path difference, A=S,P—S,P. From right angled triangle 
SS5S, ; 


A=dsinO 2 eee (2) 





The total path difference A, between the two disturbance at P 
is Fig. 89 


A, =dsini-dsin 0 
For constructive interference 
A, =d(sini—sin 0) =n 
and for distructive interference 
d(sini—sin@)=(2n -1)5 


The correct choice is (d) 

Example—52: 

A Young’s double slit experiment is performed using monochromatic light of wave length i. 
A 

Express intensity on a point where two waves arrive having a path difference 4 as a percentage 


of maximum intensity. 
Solution: 


In Y.D.S experiment the intensity I at any point ona screen where the two waves arrive having a phase 
difference § is 


I= La COS? (3) 
2 


Given A = Z ; therefore 
5-272 )-7 
A (4 2 


I= Laa COS? (=) 
4 
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| 400 =50% 


Example-53: 


A glass plate of refractive index 1.5 is coated with a layer of thickness t and refractive index 1.8. 
Light of wave length } travelling in air is incident normally on the layer. It is partly reflected at 
the upper and the lower surface of the layer and the two reflected rays interfere. Write the 
condition of constructive interferece. It à = 648 nm; obtain the least value at t for which rays 
interfere constructively. 

Solution: 

In Fig. 90 ABCD is film of thickness t; refractive index PaT 


H, = 1.8. DCEF is glass plate u, = 1.5. PQ is a ray incident 
nearly normally on upper face AB. QR is reflected ray. TU is 
ray produced ray due to reflection at lower face CD of the film. 
Interference occurs between QR and TU. For nomal incidence 


path difference A, = 2(t),, = 2( ut) _. Thereflection at upper 


air 


face AB is from boundary of a denser medium. There is an 





additional path difference A, = Z between the two interferring 


Fig. 90 


beams. 


A = The total path differences = A, + A, 


À 
alae 


For constructive interference 


À 
AUNE A 


ot 2mt=(a-2)a n=0,1,2,3,...... 


For minimum value oft; n= 1. Therefore 
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Aà 648x10° 
4m 4x18 


= 90x10” m = 90 nm 


DIFFRACTION 


The bending of waves arround the edge ofan obstacle in their path and their penetration into the region of 
“geometrical shadow’ is known as diffraction. All type of waves undergo diffraction. Diffraction is easily 
observed with 


(1) sound waves 
(2) waves on surface of water 


However apparently light does not exhibet differaction. This is due to very small wave length of visible light. 
To observe diffraction size of obstacle must be comparable to wave length of waves used. For 
observing differaction of light the size of obstacle used must be very small (comparable to 1). When this is 
done differaction of light is also easily observed. 


Diffraction at a Single Slit 


Fig. 91 shows the single slit experimental set up. AB = d (of the order ofa fraction ofa m.m) is a slit in an 
opaque screen illuminated with a monochromatic parallel beam. The incident W.F on slit is a plane wave 
front. The screen is placed at a distance D (>> d) from the slit. If light travels in straight line the part A,B, 
of screen should be uniformly bright. The screen above A, and below B, should be completely dark. This 
is not observed. The intensity on screen varies. The intensity variation is shown in Fig. 91. 














Incident T 

z] 
Mono- d aaa P I oE a 
chromatic oe ee eee 58 
Light B i a 

Incident Screen 
Plane WIF 
D >» 
Fig. 91 


The central point O is maximum bright. It is sourrounded by alternate maximas and minimas. The intensity 
ofsubsidary maximas observed decreases as shown in Fig. 91. The observed intensity pattern is known as 
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diffraction pattern due to a single slit. The intensity pattern is observed due to bending of light around the 
edges of the slit i.e. due to diffraction oflight. 


The observed diffraction pattern is due to interference between secondary wavelets originating from plane 
of slit. We can say diffraction is interference between different parts of the same wave front. It can be 


shown that for secondary wavelets ina direction 6 with the direction of incident light; if 
dsinO=niA n#0; n= 1, 2, 3,....... 


is condition of minimum; and 
: À 
dsin® =(2n +1)5; n=l, 2, 3,0... 


is the condition of subsidary maxima. n =0 gives the principle maximum. 
Let r, be the radius of the principle maximum observed i.e. the centeral maximum. It can be shown that 
AD 
fa 
d 
The half—angular width 0 of principal maximum is; nearly 


o= 
d 


Diffraction of Light and Rectilinear Propagation of Light 


We know light does not travel in straight line but bends around on appropriate obstacle in its path i.e. 
undergoes diffraction. Does this mean that “ray—otpics” is wrong! Strickly speaking ray optics is an 
approximation. However it is a very—very good approximation. When size of obstacle is large (of the order 
ofa few cmor more) the diffraction effects are negligible. 


Resolving Power 


Two nearby objects or spectral lines are resolved if they appear as two images or two spectral lines. 
Normal human eye can see two objects seprate if they subtend a minimum angle of 1’’ of arc on eye. 


The sepration of close objects is termed as resolution and the ability ofan optical instrument to produce 
seperate image of two such objects is known as resolving power of the instrument. Two neighbouring point 
objects are resolved by the lens system such as telescope or microscope is known as Geometrical 
resolution. When two close spectral lines (i.e. wave lengths) are resolved with the help ofa prism; grating 
etc. we have spectral resolution. 
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Rayleigh’s Criterion 


When two nearby objects are viewed by any optical instrument; due to wave nature of light (i.e. diffraction) 
we obtain two nearby diffraction patterns keeping one object fixed the other is moved nearer to the first the 
two diffraction patterns come nearer and start overlapping. 


Clearly Resolved 










Clearly Resolved Resolved 









Just Resolved Not Resolved 


Fig, 92 


According to Lord Rayleight two objects or spectral lines are just resolved if the angular sepraction 
between the principle maxima in the diffraction pattern due to the two equals half the angular width of the 
principal maximum of the either of the two. Let x be this minimum distance between the two point objects; 


1 
the geometrical R.P = —. Let à and A +d be two spectral lines just resolved, the spectral resolving 
x 


OÀ 
power =). 


Resolving Power of a Telescope 


Let Onin be the angular sepration between two objects just resolved according to Rayleigh’s criterion; the 
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R.P. of telescope = 





Tig. 93 


Let d be the diameter of O-lens of telescope (i.e. aperture of telescope) and À the wave length of light. 


0 = Half angular width of principal maximum of diffraction pattern due to any one star (say the object 
being viewed) 


= 

d 
RP=- -2 
On A 


More precise calculation show that 


Rpt 
1.22% 


The magnifying power M ofa telescope; the resolving power are related to one another by the relation; 


M.P oftelescope x R.P of telescope = R.P ofthe eye. 


Resolving Power of a Microscope 
In Fig. 94 x is minimum distance between the two nearby objects forming diffraction pattern shown. The 


objects are just resolved. It can be shown that 


1.222% 


PQ=x= 
Q sin 8 
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Fig. 94 


R.P = —. Lesser is value ofx more is resolving power. If the object and objective lens both are immersed 
x 





: 21 : 
ina liquid of refractive index p ; the minimum values ofx for resolution works out to be p usin 8 


known as the numerical aperature. Obviously x is less if u is more. This is the reason an oil immersion 


microscope has a higher R.P. Also if À is less R.P is more. Therefore an ultra—microscope has a higher R.P. 
It can be shown that 


Limit of resolution of the eye 








Minimum M.P ofmicroscope ae : : 
p Limit of the resolution of the microscope 


Example—54 


A single slit of width ‘d’ is illuminated with light of à =600 nm. The diffraction pattern is observed 
on a screen at a distance of 120 cm from the slit. The diameter of principal maximum observed is 
4mm. What is 


(a) (i) d Gi) angular width of principal maximum. 


(b) The wave length of light is increased by 20% and d is reduced by 20%, what is percentage 
change in angular width of principal maximum. 


(c) What is percentage change in distance of screen if angular width is to be restored to its 
earlier value. What is change in diameter of principal maximum observed now? 


Solution: 
(a) Given = 600 nm=6x107m 
r, =radius of principal maximum = 2 mm = 2x10 m 


D = The distance of screen from slit = 120 cm= 1.2 m 
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AD 
We know r = T ; therefore 


_ 6x107 x1.2 


aga 3.6x10*m=0.36mm 
x 


(b) Given 4'=1.200; d'=0.8d; D'=D 


20'=The angular width of principal maximum 








eo 15(2] 1.5(20) 
d' 0.8d d 


where 20 = Ż =The angular width of principal maximum earlier. 


Percentage change in angular width = (1.5—1)x100= +50% 


(c) To get same angular width D can change by any amount. The angular width does not depend on D. 
However diameter of principal max” is directly proportional to D; therefore 


. D'A (=) 
n=- =| fh 
d D 


Example—55 


Asingle slit diffraction pattern is observed. What is the ratio of the intensity of different maxima’s 
observed? What is ratio of radii of different subsidary maxima’s observed. 


Solution: 
Let I, Lp Ly be the intensity of centeral maximum, first, second........ subsidary maxima’s observed. 
Very approximately 
111 
Tle elo Leaves eet SS Sy oe cs 
0 1 2 3 3 5 7 


This because at centeral maximum all secondary wavelets from plane of slit undergo constructive interference. 
rd 


At first subsidary maximum nearly : ofsecondary wavelets donot undergo distructive interference. At 


th 


second maximum nearly . of secondary wavelets from plane ofslit donot undergo destructive interference 


with one another and so on. 
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The radii of subsidary maxima’s are given by 


D 
r =(2n+1) ; E E Ree 
2d 
P bags EO o e TERT 
Example—56 


Angular width of centeral maximum in a Fraunhoffer diffraction pattern of a slit is measured. 
The slit is illuminated with light of à = 6000 A. When the slit is illuminated with another wave 
length the angular width decreases by 30%. Calculate à of light used. The same decrease in 
angular width of centeral maximum is obtained when the original apparats is immersed in a 
liquid. Find the refractive index of the liquid. 


Solution: 
Let 0, be the angular width ofcenteral maximum when light of wave length , is used. Then 


o, -2 
d 


d= width ofthe slit. Let 0, be the angular width when light of à = à, is used. Then 
da 

d 
Given 0, =(1-0.3)0, =0.70, 


Ə, = 


o 2207 


> 


qo or A, =0.7x6000 = 4200A 
1 


Let u be refractive index of liquid in which original setup is immersed. The wave length of light inside liquid 


AN a ; sii 
is —. Since change in angular width is same; 
u 


AA 
T 
A, _ 6000 
=A -e0 1.428 
xo PSX, 4200 
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Example—57 


A slit of width d is placed in front of a lens of focal length 0.5 m and is illuminated normally with 
light of à =589 nm. The diameter of centeral maximum observed is 2mm. What is d? 





Solution: 
p 
=y T 
A K 
> 
y oł 
=. B 
D=f 
Screen 
Fig. 95 


Fig. 95 shows slit AB = d; illuminated with parallel beam of à = 589 nm. The convex lens focus diffracted 
beam on screen. Therefore 


D = distance between slit and screen = f =0.5 m 


AD 
Let r be radius ofcenteral maximum. We know ft =—— . Given 


d 
r=1 mm= 10° m; à = 589x10” m; D = 0.5 m 


_ 589x107” x 0.5 


d 
10° 


= 2.94x10“% m =2.94 mm 
Example—58 


In Y.D.S experimental set up one of the slits is covered with an opaque paper. What change; if 
any, is observed in the pattern obtained on screen? 


Solution: 


In Y.D.S experiment interference pattern is observed. When one slit is blocked we obtain diffraction 
pattern on screen. The difference between the two are: 


(1) Earlier fringes observed are equibright and equispaced. Now centeral maximum is most intense. The 
intensity of other maxima’s observed decreases. The fringes observed are not equispaced. 


(2) The number of fringes observed in Y.S. D is quite large (~ 20-30). The number of fringes observed 
clearly in diffraction is small ( ~ 6-8). 
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Example—59 


A telescope has an objective lens of aperture 4 cm focal length 2 m. à = 600 nm. What is 
resolving power of telescope? 


Solution: 
The aparture of O-lens of telescope is the size of opening, i.e. d= 4 cm = 4x10? m. Let 0,, be the 


minimum angular separation between two stars that are just resolved. According to Rayleigh’s Criterion; 


©, equals half angular width of centeral maximum due to diffraction at O—lens; i.e. 





4 
i shs clea =1.5x10° radian 
d 4x10 
f l = d_l 4 
R.P oftelescope = 0, 15x10 = 6.6710 
POLARISATION 


The phenomenon of polarisation is the preferrential selection ofa particular direction of vibration from the 
various possible directions of vibrations. 


In longitudinal waves there is only one direction of vibration, which is the direction of wave propagation, 
there is no possibility of any perferrential selection of direction of vibration. Therefore longitudinal waves 
cannot be polarised. 


However in transverse waves vibrations can take place in any direction ina plane perpendicular to direction 
of wave motion. When there is no selection ofa preferred direction of vibration i.e. no selection of a 
preferred direction of vibration we say waves are unpolarised. However, if somehow, a particular 
direction of vibrations is selected and all other direction of vibrations are blocked we have plane polarised 
waves. The device used for this selection is known as a polariser. Jt is only transverse waves that can be 
polarised. 


Incase of light; in accordance with the E.M. theory we discuss about the vibration of electric field. Ordinary 
light is unpolarised, i.e. the oscillations of E take place in all directions perpendicular to direction of wave 
propagation. A calcite or a tourmaline crystal, has the property of allowing oscillations of E parallel to its 
axis to pass through and blocking all other direction of oscillations. It is used to convert ordinary (unpolarised) 
light from any source to plane polarised light. This crystal acts as a polariser. 


In unpolarised light vibrations occur is all allowed directions of vibration. This is equivalent to two equal 
mutually perpendicular oscillations. A polariser allows all vibrations parallel to its axis to pass through and 
blocks the perpendicular component. IfI, is intensity of unpolarised light incident on a polariser, the intensity 
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of plane polarised light emerging out of polarised is F . It remains same irrespective oforientation of 


polariser. In other words when a polariser is rotated through are full circle about direction of propagation 
as axis; there is no change in intensity of light transmitted by the polariser. Fig. 96 shows symbolic 
representation of unpolarised and plane polarised light. 


Vibration of E in 
p” all directions 


E S SE S Direction of motion 
of wave 
(a) Unpolarised Light 


Direction of motion 
of wave 





N Preferred selected 
direction of vibration 
A 


t Direction of motion 


of wave 


(b) Plane Polarised Tight 
Fig. 96 
The plane in which vibration of E are confined is known as plane of vibration. A plane perpendicular to 
plane of vibration is known as plane of polarisation. 


Detection of Plane Polarised Light the Analyser 


Our eye cannot detect whether light used is unpolarised or plane polarised. To do this we use another 
tourmaline or calcite crystal. This is known as analyser. 
Axis of T, and T, 









Unpolarised 
Light 


Eye of 
observer 






Plane 
Polarised 
Light 


(a) 
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Unpolarised 
Light 





O Eye of 
observer 
Plane axis of 
polariser i analyser 
T, 
(b) 
Fig. 97 


In Fig. 97 (a) and (b) S is ordinary source of light emitting unpolarised light. T, is polariser and T, is 
analyser. In Fig. 97 (a) axis of polariser (T,) and analyer (T,) are parallel; the vibrations passing through T, 
also pass through T,. The eye observes light passing through T,. Keeping T, fixed T, is rotated about 
direction of propagation of light as axis. The intensity of light passing through T, starts decreasing. In 
Fig. 97 (b); T, has accquired an orientation when its axis has rotated by 90°. The vibrations incident on T, 
are blocked. The intensity of light transmitted is zero. In one full rotation of T,; there are 


(1) two positions when intensity of light transmitted is maximum (i.e. axis of T, and T, are parallel or 
antiparallel). 


(2) two positions when intensity of light transmitted by T, is zero. This is when axis of T, make on angle 


T 3n . 
of 5 or 5 with axis ofT.. 


We summarise by concluding: 


(1) When unpolarised light passes through an analyser; intensity of transmitted light is 50% of incident 
intensity. However on rotating analyser about direction of propagation as axis there is no variation in 
intensity oflight passing through. 


(2) When plane polarised light passes through analyser and analyswer Â 


is rotated through one full circle; there is a variation in intensity of 
light passing through and intensity is zero twice in one full rotation. 


N 
I 
I 
I 
I 
1 
|] 
I 


Brewster’s Law 


When unpolarised incident light undergoes reflection from a medium of 
refractive index 1; there is one angle ofincidence G) such that the reflected 
light is plane polarised. i, is known as the polarising angle of incidence. 
According to Brewster’s law. 


Fig. 98 shows a block PQRS ofa medium of refractive index u .AB is 
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an incident unpolarised ray; incident at polarising angle of incidence i, BC and BD are reflected in mutually 
perpendicular planes. The reflected BC are refracted ray BD make an angle of 90° with one another; i.e. 


CBD =". 


The Malus Law 


Aplane polarised beam of intensity I, is incident on an analyser. § is angle between axis of anglyser and 
polariser. I is intensity of light transmitted by analyser. According to Malus law 


I=1, cos’ (8) 


Uses of Polaroids 
(1) Sun glasses fitted with polaroid sheets reduce glare ofsun. 


(2) The glare ofhead lights ofa car; during night driving; is reduced using wind shields made of polariod 
sheets. 


(3)  Polariods used in projection and viewing of three dimensional motion pictures. 
(4) Polaroids are used to improve colour contrast in old paintings. 

(5) Optical stress analyser makes use of polaroids. 

Example—60: 


Light is reflected from a material in which speed of light is 2x10* ms. What is polarising angle 
of incidence? Does this angle depend on wave length of light used? 


Solution: 
u = The refractive index of reflector 


_ 3x10° 
~ 2x108 


=1.5 


bd 

v 

Let i, be the polarising angle of incidence. From Brewster’s law 
tani, =u 

or i, = tan” (u) = tan™ (1.5) ~56,3° 


The value of u depends on wave length (à) of incident light; therefore i, also depends on 1. For visible 


light u is maximum for violet and minimum for red colour. Therefore i, is also maximum for violet and 
minimum for red colour. 
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Example—61: 


(a) 


(b) 


Fig. 99 shows a source S. P, and P, are two 
polaroids. I, is intensity of light incident on P. 
Axis of P, and P, are inclined to one another 


+n 


at = What is ratio of intensity of light 


observed by O, and O,. 


Keeping P, fixed P, is rotated through one full Fig. 99 
circle about incident ray as axis. Draw a graph 
showing variation of intensity observed by O, and O.. 


Solution: 


(a) 


(b) 


The incident light from S is unpolarised. P, acts as a polariser. 


I 


I, = Intensity of light observed by O, = 7 


P, has plane polarised light incident on it. Initially; 


§ = Angle between axis of analyser and polariser = A (Given) 


Let I, be intensity of light observed by O,. From Malus law 


“Gl 
G4 











OBS 


On rotating P; there is no change in intensity of light observed by O. It remains same, having 


intensity = ~ as shown in Fig 100. 


Let © be the angle through which axis of P,, has been rotated. The instantaneous angle between axis 


of P, and P, is 
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oe 


Therefore I, ; instantaneous intensity of light, observed 
by O, is 


= (eos: [0-2] 
2 6 





T T_ 20 3n n Sr 
0=—~+—= eee uh eee 
26 a a6 3 

I, ismaximum itcos{ 0 -z) = +1. Therefore I; 


0-—=0 or T 
or 0=— or In 
6 





The variation of I, with 0 is shown in Fig. 101. 


Fig. 101 
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PROBLEMS FOR PRACTICE 


1. An object 1 cmhigh is placed at a distance of 30 cm froma (i) concave mirror (ii) convex mirror of 
focal lenth 20 cm. In each case what is position, nature and length of image formed? 


[Ans: (i) Real; inverted; 60 cm; 2 cm (ii) Virtual erect; 60 cm; 2 cm] 

2. A concave mirror forms an image of length 4 cm ofan object of length 1 cm at a distance of 10 cm 
from the mirror. What is radius of curvature and power of mirror? 

[Ans: 16 cm; —12.5 D] 


3. What is distance of an object from a concave mirror of power 2.5 D so as to obtain an image twice 
the length of the object? 


[Ans: 60 cm or 20 cm] 


4. A concave mirror produces an image on a screen ofan object at a distance of 22.5 cm. The image 
is twice the length of object. What is change in position of object so that image formed is three times 
the length of the object? 


[Ans: 2.5 cm to towards mirror] 


5. An object is placed 25 cm in front of a convex mirror. A plane mirror is placed in between convex 
mirror and object at a distance of 5 cm from the convex mirror. There is no parallex between the 
image formed by the two mirrors. What is focal length of convex mirror? 


[Ans: 37.5 cm] 


6. | Aplanemuror is placed 22.5 cm in front ofa concave mirror ofradius of curvature 20 cm. An object 
is placed in between the two murros so that the first image formed by both mirror coincide. What is 
distance of object from plane mirror? 


[Ans: 7.5 cm] 


7. Two objects L and M placed one by one in front ofa concave mirror of power 13.33 D form image 
of same size. Length of L is three times that ofM. Distance of L from the mirror is 30 cm. What is 
position of M? 

[Ans: 15 cm] 


8. Sun subtends an angle of 30” ofarc on earth. A concave mirror forms an image of Sun of diameter 
2 cm onascreen. What is focal length and power of the mirror? 


[Ans: 2.29 m; —0.4.7 D] 


9. A concave mirror of radius of curvature 20 cm and convex mirror of power 2.5 D are placed co— 
axially facing one another 40 cm apart. A point object is placed on the common axis at a distance of 
25 cm from the convex mirror. What is position, nature of the image formed by the system; due to 
successive reflections first at concave and then convex mirror? 


[Ans: Virtual; 6 cm behind the convex mirror] 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


An object is moved 12 cm towards a concave mirror; the real image formed moves from 25 cm to 
75 cm. What is focal length of mirror? 


[Ans: 13.2 cm] 


Speed of light in glass is 2x 10° m/s. What is absolute refractive index of glass? Is refractive index of 
glass same for violet and yellow colour? 


[Ans: 1.5; No. u is more for violet than yellow colour] 
A ray oflight is incident on a plane boundary froma medium ofrefractive index 1,. The refractive 


index of second medium is H, ( u > Hy ) . The ray is partially reflected and partially refracted. The 
reflected and the refracted rays are mutually perpendicular. What is angle of incidence? 


[sm 


1 
A glass slab of thickness 80 mm contains same number of waves as are there in 10 cm of water for 


monochromatic light ofsame }, u, = $ What is H, ? 


[Ans: 1.67] 


A ray of light is incident at angle 0 with a rectangular plate of thickness d and refractive index n. 
What is net deviation and lateral displacement as the ray emerges out of slab? 


[Ans: zero; dsin 0| 1— oy 
2 . 2 9\% 
n“ —sin 0) 


A beaker is filled with water of refractive index 1.33 up to 10 cm. A layer 15 cm thick ofan immisible 
oil of refractive index 1.4 is formed above water. When viewed from above what is 

(i) apparent depth ofa point on the inner bottom of beaker. 

(ii) equivalent refractive index of the arrangment? 


[Ans: (i) 18.23 cm (ii) 1.37] 


A glass beaker has a base 40 mm thick ( bu, =1 50) . The beaker has two immisible liquids I and II 


poured into it upto to a total height of 14 cm. The depth of liquid I is 60 mm and its refractive index 
is 1.40. A point on the outer bottom of beaker appears raised by 48.8 mm when viewed directly 
from above. What is refractive index of liquid II? 


[Ans: 1.30] 
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17. 


18. 


19. 


20. 


21. 


22. 


23. 


A point object is placed 40 cm in front ofa plane mirror. A glass slab (u = 1.5) of thickness 0.2 m 
is placed in between plane mirror and point object. What is distance between the object and its 
image formed by the plane mirror? 


[Ans: 73.33 cm] 
A point object is placed 210 mm in front of concave mirror of power 30 D. A glass slab of thickness 


30 mm; H; = 1.5 is placed with its nearer edge at a distance of 10 mm from concave mirror; in 
betwwen the mirror and object. What is position of image formed? A.LT) 


[Ans: 76.7 cm] 
A rectangular glass slab is placed on a horizontal printed page. What is minimum value of u of glass 


so that the letters on the page are not visible from any of the vertical face of slab? (LLT) 


[Ans: /2 ] 


hee a ale 5 
A point source S is placed at the bottom of a vessel containing a liquid of refractive index 5 A 


person is viewing the source from above the surface. There is an opaque disc of radius | cm floating 
on the surface. The center of disc is vertically above S. The liquid in vassel is gradually drained out 
through a tap. What is maximum height of the liquid for which the source cannot be seen at all from 
above? 


[Ans: 1.33 cm] 


Aprism ofa material of u = 1.5 has a refracting angle A. A ray of light incident on one face emerges 
out from the other face. What is maximum possible value of A? 


[Ans: 83.67] 


A prism produces a minimum deviation of 51°. The prism produces same deviation of 62°48’ for 
angle of incidence of either 40°6’ or 82°42’. What is 


(i) refracting angle 
(ii) refractive index of prism 
[Ans: (i) 60° (ii) 1.648] 


An equilateral glass ( u = 1.5) prism has a monchromatic ray incident at an angle of 48.6°. What is 
the angle of 


(i) emergence 
(ii) deviation? 
(iii) Is the incident ray undergoing minimum deviation? 


[Ans: (i) 37.2° (ii) 37.2° (iii) yes] 
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The refractive index of the material of prism ofrefracting angle 45° is 1.6 for some monochromatic 
ray. What would be the minimum angle of incidence ofthis ray on the prism so that no total internal 
reflection takes place as rays emerge out of the prism? 


[Ans: 10°87] 


Fig. 102 shows an equilateral prism LMN. The path ofan incident ray PQ is as shown in Fig. 102. 
Angle a = 40°. What is u of the material of prism? 


[Ans: 1.66] 





T 


Fig. 102 
For “crown glass” Hy = 1.538; u, = 1.52. For quartz glass. Uy = 1.557; p, = 1.542. 


A quartz prism ofangle 4° is in contact with a crown glass prism of angle æ ; such that there is no net 
deviation. What is & ? What is angular dispersion due to the arrangment? 


[Ans: 4.16°, 0.015") 
Avery thin glass hollow sphere of radius 20 cm is filled with water ( u„ = 1.33). A mark on surface 
is viewed from the diamaterically opposite end. What is the position and nature of image viewed? 


[Ans: 60 cm away from the end of sphere from the side of new; virtual] 


A ; wo 3 : 
Two concave glass refracting surfaces each of radius 35 cm; refractive index z are facing one 


another a distance 2R apart. A point Object O is placed on the common axis at a distance of 
17.5 cm from on surface. What is distance between the images of O formed by each refracting 
surface? 


[Ans: 4 cm] 


A concave lens made of glass ( H, = 1.5) has a power of SD. The lens is immersed completely in 


(i) Water ( U, = 1.33) (ii) carbon-bisuphide u = 1.65. In each case what is focal length and nature 
of lens? 


[Ans: (i) concave; f=—0.78 m, (ii) convex; f=+1.6 m] 
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31. 


32. 


33. 


34. 


35; 


36. 


A convex lens of glass (H, = 1.5) has a focal length of 20 cm. The lens is immersed completely in a 
liquid. The change in power oflens is —3.722 D. What is refractive index of liquid? 
[Ans: 1.33] 


A lens forms an image ofa square of side 1 cm placed at a distance of 80 cm ona screen. The area 
enclosed by the image formed is 4 cm’. 


(i) | What is distance between object and screen? 
(ii) | What is focal length of lens? 
[Ans: (i) 240 cm (ii) 53.3 cm] 


An object and its real image are at a distance of 25 cm and 40 cm respectively from the two focii of 
lens. What is 


(i) focallength oflens 
(ii) magnification? 
[Ans: (i) 31.6 cm (ii) —1.27] 


A lamp and screen are 1 m apart. A convex lens placed in between projects the image of lamp on 
screen in two positions 40 cm apart. 


(i) | What is focal length oflens. 


(it) | What is magnification in each position of lens? 


[ ans (i) 21 cm (ii) 3 ad 3] 


An equi—convex lens ( H = 1.5) has a power of 10 D. The lens is placed with its lower surface in 


contact with water (Ha = 1.33). Aparallelof beam light parallel to principle.axis of lens is incident 
inair. What is the distance of image formed in water from the lens? What is change in position of 
image if the entire system is immersed completely in water? 

[Ans: 20 cm, increases by 20 cm] 


Two thin co-axial lenses A and B are in contact. An object is placed at a distance of 10 cm from the 
combination. The image formed on a screen has a size three times that of object. B is concave lens 
of power 3.33 D; what is focal length and power of A? 


[Ans: 6 cm; + 16.6 D] 


A plano-convex lens of focal length 15 cm is fixed on one face ofa hollow box with convex surface 
facing the object. An object 2 cm high is placed 25 cm in front oflens. What is size of image formed. 
when box is (a) empty (b) filled with a liquid of refractive index 1.33? Refractive index of material of 
lens= 1.5. 


[Ans: (a) 3 m (b) 4 cm] 
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A plano—convex lens of radius of curvature 30 cm acts like a concave mirror ofradius of curvature 
60 cm when its plane surface is silvered. What is u of the material of lens? 
[Ans: 1.5] 


A convex lens placed in between an object and screen projects image having a size twice that of the 
object. On moving the lens by 15 cm away again a sharp image is projected on screen. What is focal 
leng length of lens? 


[Ans: 10 cm] 


A convex lens of power 5 D has an object placed 40 cm in front. The lens projects image on a 
screen. A concave lens is placed in between convex lens and screen at a distance of 15 cm from 
convex lens. The screen has to be moved away by 25 cm so that again a sharp image is projected on 
it. What is focal length ofconcave lens? 


[Ans: 50 cm] 


A convex lens of focal length 15 cm is placed in front ofa convex mirror, co—axially at a distance of 
5 cm. An object at a distance of 20 cm fron the lens, has no parallex with its image formed by the 
system. What is radius of curvature of convex mirror? 


[Ans: 55 cm] 


In Y.D.S experiment the two slits are a distance 0.3 mm apart. Interference fringes are observed on 
a screen 75 cm away from interferring sources. 20 fringes are observed in a distance of 3 cm from 


centeral fringe. What is à? What is percentage change in fringe width if distance of the screen is 
doubled and seperation between slits is halved? 


[Ans: 600 nm, 300% (increases)] 
Monochromatic light of wave length À is used in Y.D.S experiment. d= 0.15 mm; D = 120 cm. 
(a) Distance between 8th bright fringe and centeral fringe is 3.2 cm. 
(b) Distance of 7" dark fringe from centeral fringe is 3.9 cm. 
In each case what is à? 
[Ans: (a) 450 nm (b) 750 nm] 


A beam of light has two wave lengths à, = 650 nmand à, =520 nm is used to observe interference 


inYoung’s double slit experiment d = 2 mm and D = 120 cm. What is minimum distance on screen 
from centeral fringe where bright fringes of the two wave lengths coincide? 


[Ans: 1.56 mm] 


In an interference experiment the two interfering sources have intensities I, = 5 I, L =I, respectively. 


A 
At a point P the two disturbances arrive having a path difference of 3 ; whereas at point Q, the path 
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45. 


46. 


47. 


48. 


49. 


50. 


; _ batt . ; 
difference is 7 What is ratio ofresultant intensity at P and Q? 


[Ans: 1.527] 


In a Y.D.S. experiment interference is observed using monochromatic light of 4 = 600 nm. 
d=0.2 mm; D = 1.0 m. Express intensity at a point distance 2.4 mm from centeral point as a 
percentage of intensity ofcenteral fringe. 


[Ans: 34.5%] 
In an interference experiment a sheet of thickness ofa material in which speed of light is 2x 10° ms"; 
is introduced in the path of one of the two inteferring sources. The centeral fringe shifts to a point 
where originally 5" bright fringe was located. A =589 nm. What is t? 


[Ans: 5.66 um | 


In a Y.D.S experiment using monochromatic light, the fringe pattern shifts by a certain distance when 
a mica sheet of thickness 1.964 microns; = 1.6 is placed in the path of one of the two waves. The 
mica sheet is removed and the distance between the slits and screen is doubled. It is observed that 
the distance between successive maxima and minima now observed is same as the fringe shift observed 


upon introduction of mica sheet. Calculate à of light used. (LLT) 
[Ans: 589.2 nm] 


Two coherent sources of intensity ratio 25:4 are used in an interference experiment. What is I: I 
in the interference pattern observed? 


min 


[Ans: 49:9] 
Two glass plates A and B are kept near one another as shown in Fig. 103. A 
monochromatic beam of intensity I is incident on A as shown. Each plate 
reflects 25% of light incident on it. What is I: I,,, due to interference between 
incident light reflected by A and B? 

[Ans: 49.1] 1 
A B 
Fig. 103 


Light of à =500 nmis incident normally on a single slit. The distance between 
the first minimum on either side of centeral maximum is 1 cm. The screen is at 
a distance of 2 m from slit. 


(i) | What is width of slit? 
(ii) | What is half-angular width of centeral maximum? 
(iii) | What is ratio of radii of enteral maximum and second subsidary maximum? 


[Ans: (i) 2.2 mm (ii) ~ 2.2710“ radian (iii) 5:1] 
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A plane wave-front (à = 6x107 m) falls on a slit 0.4 mm wide. A convex lens of focal length 80 cm 
placed behind the slit focuses diffracted beam on a screen. What is linear distance of 


(i) first minima 
(ii) second maxima from the centeral maxima? 
[Ans: (i) 1.2 mm (ii) 1.8 mm] 


A telescope has an aperture of 15 cm and focal length of O-lens is 2.5 m. Light of à =600 nm from 
two distant stars enters the telescope. What is seperation (angular) between the two stars if they just 
appear resolved? 


[Ans: 4«10°* radian] 


Two polarising sheets are placed with their axis parallel. The intensity of transmitted light is I. Through 
what angle one of the two sheets be rotatted so that intensity of light transmitted is 50% of I? 


[Ans: 45° or 135°] 


An unpolarised beam of intensity I, is incident on a polariser. The axis ofanalyser is at an angle of 60° 
with axis of polariser. What is intensity of light transmitted by the analyser? 


ee 
[Ans: q] 


Unpolarised beam of light is incident on a reflector such that the reflected beam is plane polarised. 
The speed of light in reflected is 1.875x 10% ms~!. What is angle of incidence? 


[Ans: ~ 58°] 
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Key Learning Points 


Ray optics is study of light using rectilinear propagation of light in an isotropic homogeneous medium. 


A smooth surface throws back, in same medium light incident on it. This is reflection oflight. The law 
ofreflection states: 


Angle of incidence (i) = angle of reflection (r) 


A spherical mirror is a part ofa hollow sphere. The mirror is convex or concave denpending on the 
polished side of mirror. The principal axis of mirror is a line joining the pole and the center of 
curvature. 

For simplicity of analysis we consider paraxial incident rays. These are rays making small angle (0 ) 
with principal axis, such that sin O = tan 0 = 0. 

The distance of an object; image center of curvature etc. is a pure number. However position of 


object; image; center of curvature etc. is an appropriate distance with a + or — sign prefixed according 
to co-ordinate convention of signs. 


In co-ordinate convention, (i) the pole of reflecting surface or optical center of refracting surface is 
origin of co—ordinates (ii) incident rays proceed from left to right (iti) principal axis, in direction of 
incident ray is direction of positive x—axis. (iv) y axis above principal axis is the positive direction (v) 
clockwise angles are positive. 


u, v, R etc. are co-ordinates of object, image, center of curvature etc. 


The reflection formula for a spherical mirror is 


1 1 R 1 R 
—+—=—=-— or f=— 
vu 2 f 2 


u= object position, v = image position; R = position of center of curvature etc. When using reflection 
formula proper sign of known parameters must be prefixed before the appropriate distance. 


Incident parallel beam, parallel to principle.axis after reflection meets or appears to meet principle. 


axis at a point F. F is the focus of spherical mirror. Position of F gives focal length (f). Also f = z : 








ees Sizeof image _ Y2 v 
m= The transverse magnification =. = 


Sizeof object Yı u 


Aconcave mirror is a converging mirror and convex mirror is a diverging mirror. The power P of the 
mirror is 


P ndro "Fs aie 
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11. The signs and their interpretation ofu, v, R, fetc. are summarised below. 

1. Mirror 1) Concave Rand fare negative 
O | som | ee 
A] 1) Real u is negative 

3 Image 1) Real vis negative 
Ae 2) Virtual vis positive 


2. 
1) Positive Image is erect 
2) Negative Image is inverted 
4. Magnification 3) |m|>1 Image is enlarged 
4) |m|<1 Image is diminished 
12. 


For a real object a concave mirror; 


2) Virtual u is positive 





(i) can form virtual or real image depending on position of object. 

(ii) real image formed is always inverted. 

(iti) real image formed can be diminished or enlarged depending on position of object. 
(iv) virtual image formed is erect and enlarged. 

(v) when object moves towards mirror the image moves away from the mirror. 


13. For a convex mirror, the image ofa real object is always virtual, erect and diminished irrespective of 
position of object. 


14. Whenever light goes from one medium to another; in general, it either bends towards or away from 
normal at point of incidence. This is refraction of light. 


15. The absolute refractive index n ofa medium is 





ee Speed of light in vacoum Cc Jen. 
Speed of lightin medium v 


€, and u, denote relative permittivity and relative permeability of medium. n can never be less than 
one. 


16. The relative refractive index n ofmedium 1 with respect to medium? is 


n vV 

1 

inzi 
n, Vi 
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The relative refractive index may be greater or less than one. Also 


1 
eee ee ae 
20X; Nx, N =; n= 7— 
10 


Snell’s law is the law ofrefraction oflight. Let ibe angle ofincidence oflight in a medium ofrefractive 


index n,. Let r be angle ofrefraction in second medium of refractive index n,. According to Snell’s 
law 


n sini=n, sinr 


sini n 2 V 
constant in 


sinr n, V, 








When a monochromatic incident ray undergoes refraction through a parallel slab of thickness, t; 
refractive index n; 


(i) The emergent ray is parallel to incident ray i.e. net deviation is zero. 


(ii) The lateral displacement, ¢ ; depends on (1) angle of incidence (i), (2) thickness (t) and 
(3) refractive index (n) of the slab. 


An object in a medium of refractive index n is viewed, nearly normally, from above, say in air; the 
apparent depth (t,) is less than real depth (t). Also 


t __ Real depth 
t, Apparent depth 





n= 


1 
The apparent shift = t í = 1) 


For a number of media of different thickness and refractive index 


t. 
Total apparent depth = )) + 
i Yj 


J 

t, is real thickness and n, refractive index ofj" slab. 

Whenever light goes from a denser to a rarer medium; it bends away fromnormal i.e. r >i. There is 
particular angle of incidence i for which angle of refraction is - . For i>i, there is no refracted ray 


in second medium. The entire incident energy is reflected back obeying law of reflection. This is 
known as total internal reflection. i, is known as critical angle of incidence. For light going froma 


medium of refractive index p, to a medium of refractive index u, (m <u ) ; the critical angle of 
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22. 


23; 


24. 


25. 


26. 


27 


28. 


incidence, i, is 


i, =sin™ (=) 
Hy 


Aray of light incident in water ( u = 1.33) at air—water interface undergoes T.I.R ifangle of incidence 
is more than ~ 49°. 


For an incident ray going from glass (u = 1.5) to air, the critical angle of incidence is 1, = 42°. A 


right angled issoceless prism of H > V2 isknownas totally reflecting prism. 


The phenomenon of mirage is due to T.I.R. Diamonds shine because a ray inside diamond undergoes 
repeated T.I.R before at can emerge out. 


A monochromatic incident ray in passing through a prism; undergoes a net deviation ( 5) . The angle 


of deviation, 6 =i, +i, — A ; where i, and i, denote the angle of incidence and angle of emergence. 
A is refracting angle of prism. 


For a given prism, (i.e. p and Aare constant) the angle of deviation (6 ) varies with angle of incidence 
(i). For a particular angle of incidence (i, ) the deviation is minimum. For minimum deviated ray; its 
path inside prismis parallel to the base of prism. Also 


. At+6, A 
1 =r =— 


3 


m 2 m 2 


Therefore, refractive index ofprism is 


, í A+6,, 
sin. 
2 


= sin ( *) i a 1 
p 1g. 
2 g 


A white incident ray in passing through a prism breaks up into its consituent colours. This is known as 
despersion oflight. 








Dispersion takes place in a prism due to the variation of refractive index ( u ) ofthe prism with wave 
length (1) of incident light. According to Cauchy 


b 
eae, 


a and b are constants, known as Cauchy’s constants. 
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When white light passes through a prism in undergoes: 


(i) mean deviation § 
(ii) angular dispersion (8, —5, ) 
6, and 8, is deviation of violet and red colours respectively. 


For a small angled prism of angle a ; let py, u and Hr be refractive index for violet, mean (yellow) 
and red colour respectively. Then 


Mean deviation= 6 = ( u- 1) a 





Angular dispersion= A = ôy —8, =(Hy -Hp Ja 


For a prism, angular dispersion per unit mean deviation is known as dispersive power ( @) of material 
of prism. For small angled prisms @ is a constant for a particular material. 


by -Ör My HR __ dy 
5 (u-l) (m-1) 





Dispersive power = © = 


Consider a spherical surface seperating two media of refractive index 4, and H,. For incident rays 
in medium H, the relation between the object position u (in medium H, ), the image position v (in 
medium H, ) and radius of curvature (R) of spherical surface is 


H(t) {tna} 


v u R 





This is known as refraction formula for a spherical surface. 


Incident parallel beam, parallel to principal axis in medium p; ; after refraction meets or appears to 
meet principal axis at a point F,. F, is the second principle focus. Position of F, gives second 
principal focal length f,. Also f, = f the focal length of spherical surface. 


H by _ Ba —h 
f f R 


A point F, on principal axis where an object is placed or appears to be placed so that the refracted 
rays are parallel to principal axis. F, is known as a first principal focus. Position of F, gives the first 
principal focal length f, of spherical surface. Also 


| H | -h 
f, R 


In terms of focal length, f; the refraction formula, at a spherical surface is 
761 


UDOON 


A program to give wings to girl students 


36. 


37. 


38. 


39. 


nmi 
v u f 


The magnification, m; is 


v 
ae size of image _ a 
size of object VA 
Hy 


A thin lens is a refracting medium, in general, bound by two spherical surfaces. The lens is either 
concave or convex. Each type has three varities. 





Let a thin lens have refractive index u, and surfaces ofradii of curvature R, and R,. u, is refractive 
index of medium having object placed in it (i.e. incident rays are in medium 1). p, is the refractive 


index of the medium on the other side of lens. H, is the medium having refracted rays. For a thin lens; 





Hs (=) _ Hh HoH 
v u R, R, 

u and v denote the object position and the image position respectively. This is refraction formula for 
a thin lens. Commonly H; = H, . The above equation reduces to 


Ope 


For a lens; the second principal focus (F,) is a piont on principal axis where incident rays parallel to 
principal axis, meet or appear to meet after refraction. Position of F, gives second principal focal 
length £. 

The first principal focus (F) is a point on principal axis where if an object is placed or appears to be 
placed; the refracted rays are parallel to principal axis. Position of F, gives first principal focal length 
f, oflens. In general 


Hs |B 
f fi 


i.e. If, | + f, . The focal length fofa lens is f.. 





u 


The focal length, f, ofa lens if medium on the two sides of the lens is same and has a refractive index 


H; is 


f Hy R, R, 
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This is known as Lens Maker’s Formula. 


A convex lens: If H, > H ; behaves as a converging lens. However if u, < u, convex lens behaves 
as a diverging lens. 


A concave lens: If H, > H, behaves as a diverging lens. However if p, < 4 , concave lens behaves 
as aconverging lens. 


The power, P, ofa lens is 


P (in diopter) = (in meter) 


For u, = u, ; the refraction formula, for a thin lens reduces to 
1 ( 1 zÀ 
v lu) f 

The transverse magnification, m; is 


_ size of image _ v 





size of object u 


Let x, denote the distance of object from F, and x, the distance of image from F, respectively. Then 
xx, =f 
This is Newton’s formula 


A convex lens can forma real or virtual image ofa real object depending on position of object. The 
real image formed is always inverted. The virtual image ofreal object is erect and enlarged. 


A concave lens always forms a virtual, erect and diminished image ofa real object. 


Two co-axial thin lens in contact; of focal length f, and f, respectively; behaves like a thin lens of 
equivalent focal lenth f; such that 


rh le 


1 1 
— + ee 
f, f, 
In terms of powers 
P=P +P, 


Microscope is an optical instrument used to form an enlarged image ofa nearby small sized object. 
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Angle subtended by image 





Maenifyi =M.P.= ; 
agnifying power Angle subtended by object when placed 


at distance of distinct vision 


A compound microscope consists of two co-axial, short focal length convex lens a finite distance 
apart. The object to be magnified is placed at a distance slightly more than the focal length f, of 
O-lens. f is focal length of E—lens. For microscope forming final image at distance of distinct vision 
(D); 


M.P=|m,| x |m] 


= Pi. 1)} 1+ R 
fo f, 
b, is distance of image formed by O-lens from the O-lens. 


A telescope is an instrument used to form an enlarged image ofa large sized, far-off object. 


Angle subted by image 





Maägniiymg Fower= ME Angle subtended by object 


An astronomical telescope is made up of an O—lens of large aperture and large focal length f. The 
E-lens is a convex lens of small focal length f . In normal adjustment 


mp =£ 
f 


e 


Length of telescope =f + f.. 


Wave-optics is that branch of physics involving wave nature of light. We use concept of wave—front 
in describing waves. Huyghen’s principle of secondary wavelets is a geometrical way of describing 
propagation of waves ina medium. 


Whenever there are two exactly identical source of waves producing waves simultaneously; there is 
a redistribution of energy in the medium. This is known as interference of waves. 


At those points of the medium where the two disturbances arrive in phase, the resultant disturbance 


is more; we say constructive interference has occured. Let A and 5 denote the path difference 
and phase difference of the two disturbances at the point considered. For constructive interference. 


A=nàù n=0, 1,2, 3....... 
or 6=2nn7 


At those points of the medium where the two disturbances arrive out of phase; the resultant is 
minimum. We say destructive interference has occured at these points. For destructive interference 
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À 
A=(2n-1)— n=1,2, 3,08 
or §=(2n-1)x 
To observe interference of light; the two interferring sources must be coherent. Any two sources 


having same phase difference at all times are known as coherent sources. 


Two exactly identical, independent point sources of light are not coherent sources. No interference 
pattern is observed due to them. To observe interference coherent sources are derived from an 
incoherent source. 














Screen 
P 
F 
HE s | pu A y 
d SeS ot 
ij e: 
« DEd) » 


Fig. 2 


Fig. 2 shows Y.D.S experiment. S is an incoherent monochromatic source. S, and S, are two 
identical slits placed symmetrically w.r.t S. S S, =d. The screen is at a distance SO =D (D >> d). 
For a point P on screen. 


d 
A =S,P -S P = The path of difference between the two waves at point P = = 


For constructive interference 





Mi: oe. yet, wet x. 
D d 
For destructive interference 
y.d x ; 2D 
== =(2n-1)— or =(2n-1 > n=0,1,2,3,....... 


The fringe width $ ; is distance between any two consecutive bright or dark fringes. 


LAD 


a 


B is same for bright or dark fringes. B does not depend on value ofn. All fringes are equispaced. 
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The resultant intensity, I; at point P is 


ô 
= 2 | 
I Tux COS B) 


5="(a) 


=41; 
£ À 


max 


I, is intensity of either S, or S,. I, is the intensity of any bright fringe. All bright fringes are 
equi-bright and all dark fringes are equidark. There is no violation of law of conservation in interference. 
Energy is only redistributed. 


Ina modified Y.D.S experiment SS,  SS,. Let A; = SS, —SS, be the initial path difference between 
the two interferring beams. For constructive interference 





A, =A +A=4 +% =nd n=0,1,2,3,...... 


For destructive interference 


A, =A, +A=A,+204 
D 





=(2n-1)— n=1,2,3........ 


The centeral fringe is not obtained at O. The centeral fringe moves above or below O depending on 


value of A; . However fringe width, B , remains same. 


When a thin film of thickness t; refractive index u is introduced in the path of one of the two 
interferring beams; the extra path difference introduced = (u —1)t . Let An be the observed fringe 
shift. Then 


An =(u—1)-- 


Diffraction is phemomenon of bending of waves around an obstacle in their path and the penetration 
of waves into the region of geometrical shadow. Diffraction is easily observed with sound or water 


waves. Since À oflight is very small; to observe diffraction oflight the size of obstacle should be also 
very small i.e. comparable to wave length of waves. All type of waves undergo diffraction. 


In a single-slit diffraction experiment a parallel monochromatic beam is incident on a slit of widthd 
(d = afraction ofa mm). The diffraction pattern is observed ona screen at a large distance D (ofthe 
order ofa meter) from the slit. The half angular width of centeral maxium, 0, is 


Q=" 
d 
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The radius r, of centeral maximum is 


Ina diffraction pattern centeral maximum is most intense. Intensity of subsidary maxima’s decreases 
rapidly. The fringes observed are not equi-spaced. The number of fringes observed is small (~ 8 to 10). 


Polarisation is the process of selecting a preferred direction of vibration and blocking all other 
vibrations. Only transverse waves can be polarised. Longitudinal waves cannot be polarised. 


Light coming ofa source has E oscillating in all directions perpendicular to direction of wave 
propagation. Such waves are unpolarised. Light from sun, sodium lamp; fluroscent tube etc. is 
unpolarised. 


A calcite or tourmaline crystal has the property of allowing oscillation of E parallel to its axis to 
pass through and stop vibration of E in all other directions. It is used to polariser an unpolarised 
beam. It is known as a polarsier. The vibration of E of light emerging out of polariser are only in a 
direction parallel to axis of polariser. Such a beam is known as plane polarised. 


An analyser is a quartz crystal used to find out whether light incident on it is unpolarised or plane 
polarised. 


For unpolarised incident light, there is no variation in intensity of light transmitted by analyser when it 
(analyser) is rotated through are full circle about direction of propagation of light as axis. 


For an incident plane polarised light; when analyser is rotated through one full circle about direction 
of propagation of light as axis; the intensity of transmitted light varies. In one full rotation there are 
two position in which intensity of transmitted light is zero. 


An unpolarised ray of light can be polarised due to reflection. Ifangle of incidence equals a particular 
value, i, the reflected beam is plane polarised. i, is known as polarising angle of incident. According 
to Brewster’s law 


tani, =H 
u is refractive index of reflector. 


Consider a plane polarised beam of intensity I, incident on an analyser. Let 5 be the angle between 
the axis ofanalyser and polariser. 


I= The intensity of light transmitted by the analyser 
=I, cos*(8) 
This is Malus law. 
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Average 


Unit-16 : Optics 
Reflection of Light 


1. A ray of light propagating along the direction (i +3 i) is incident on a plane mirror. 


Vp z 
After reflection it moves along the direction 30 =4/3 i) . The angle of incident is 


(1) 
(2) 
(3) 
(4) 


30° (Correct) 
45° (Incorrect) 
60° (Incorrect) 
75° (Incorrect) 


Correct answer: (1) 


Solution: 


Let iandr be angle of incidence and reflection in x-y plane. From law ofreflection, i =r. For incident ray 


ges. z. 1=30° 


For reflected ray 


wnr= 35 r=30° 


Unit-16 : Optics 


Difficult Reflection of Light 
2. Inan experiment to determine the focal #9 — 
length (f) of a concave mirror, “by the «——— x —— 


u-v method”, a student places an object 
pin on the principal axis at a distance x 
from the pole P of the mirror. The student 
looks at the pin and its inverted image of eye 
from a distance keeping his / her eye in 0 
line with PA. When student shifts Initial 

his/her eye towards left the image 
appears to move to right of the object 


Shifted 
position 






position 
of eye 
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pins. This implies that 


(a) x<f (Incorrect) 
(2) f<x<2f (Correct) 
(3) x=2f (Incorrect) 
(4) x>2f (Incorrect) 


Correct answer: (2) 


Solution: 


Fig. 3 show image P'Q' ofobject PQ lying in between F and C. O is initial position ofeye of student. O' 


is shifted position of eye. The arrow P'Q', shows the apparent direction of motion of image. These 
movements are in accordance with the statement of question. Hence obejct lies between F and C, i.e. 


f<x<2f 


Unit-16 : Optics 
Average Spherical Mirror 


3. For the mirror formula, 


1 1 
—+— = 
vV u 


1 

ri ; 

Which of the following statements is correct? 

(1) Formula is valid for mirros of large aperature for all position of object (Incorrect) 
(2) Formula is valid for mirrors of large aperature and small focal length (Incorrect) 


(3) Formula is valid for mirror of small aperature and objects placed at large distances in 
comparison to focal length (Correct) 


(4) Formula is valid for mirror of small aperature and object placed close to mirror 
(Incorrect) 


Correct answer: (2) 
Solution: 


Statement (3) is restatment of “paraxial ray assumption” used is deriving the mirror formula. 
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Difficult Reflection 


4. Areal object is at a distance a from the focus of a convex mirror of power P. The distance 
of the image from the mirror is 





(1) —. (Incorrect) 

(2) 1 Ea (Incorrect) 
a| P’ 

(3) = (Incorrect) 
P 2 

(4) : f - | (Correct) 
a| P 


Correct answer: (4) 
Solution: 
Fig. 4 shows object PQ, and its virtual image, P'Q', formed by the convex mirror. The image lies between 


Oand F. The magnitude of focal length of mirror, e; is 


e=0F=} $ 
P H 





Let a and b the distance of object (PQ) and image 
(P'Q') from focus F ofthe mirror. From Newton’s 


formula kme m 


1 i 1 bm 
p2 


P 


axb= 





The distance of image (P'Q') from mirror 


l 1 (1 P-1]1 
OQ'=e-b “5 | ap P |a 
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5. A concave mirror is placed on a horizontal table with its axis directed vertically upwards. 
Let O be the pole and C the center of curvature of mirror. A point object is placed at C. The 
mirror forms its real image, also located at C. The mirror is now filled completely with 
water. The image, now, would be 











(1) realand remains at C (Incorrect) 
(2) real and located between C and oo (Incorrect) 
(3) virtual and located at a point between C and O (Incorrect) 
(4) realand located between C and O (Correct) 
(LIT) 
Correct answer: (4) 
Solution: 
C 
P 
O 
(a) b) © 


Fig. 5 


Fig. 5 (a) shows image at C due to reflection from concave mirror. The ray CP, is, therefore, incident 
normally on mirror. 


When mirror is filled with water; the incident ray CA first undergoes refraction at water. The refracted ray 
AB is incident on mirror. This ray is not incident normally. It undergoes reflection obeying law ofreflection. 
The reflected ray again undergoes refraction at water surface forming its real image I that lies between C 
and O. 


Unit—16 : Optics 
Difficult Refraction of Light 


6. Thex-y plane is the boundary between two transparent media. Medium 1, with z>0, has a 
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refractive index J2 and medium 2, with z < 0, has a refractive index V3 . A ray of light, 
incident in medium 1, given by 


A =6V3i+8v3 j-10k 


is incident on the plane of seperation. Its angle of incidence (i) and the angle of refraction 


(r), would be 
(1) i=60°; r=45° (Correct) 
(2) i=45°; r=60° (Incorrect) 
(3) i=sin" 2v3 ; r=sin" 3v2 (Incorrect) 
5 P 5 
o af 3v3) af 9 
(4) 15sm To P EEM 10/2 (Incorrect) 


Correct answer: (1) 
Solution: 


The angle of incidence (i) is given by “the direction cosine” of A with the z-axis; the normal to the plane of 
incidence. Hence iis given by 





cosi= i An -1 
(10) +(645) + (83) | 2 
i=60° 
Applying Snell’s law, 


V2 sini = 3 sinr 
Pee i 


2 
sinr =—= 
V2 


or r=45° 
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Unit—16 : Optics 
Difficult Refraction 


7. Speed of light V, in a medium; in accordance with e.m. theory, is given by 


mra 


Here z, and H, represent the relative permittivity and relative permeability of the medium. 


For commonly occuring materials, £, and p, are positive numbers. Aritifically prepared 
materials, known as ‘meta materials’, have a negative, value of refractive index n. For a 
‘meta material’, the correct version of the above statement and the fig. showing refraction, 
is the one given in option 


(1) V=speed of light in meta material = — (Correct) 





HHH} 


Hy IINIT 
Jii) PERII / 
f HHH HY [j] Jj) HHH J] 
MA ALIN 


(2) V=speed of light in meta material = c |n| (Incorrect) 






i jjj HA Hi WT 
[REUN : M 
HN HH j) 
/i/ Hi HIRINI Hii M 
TON O 

MT HN 
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(3) V speed of light in meta material = c |n| (Incorrect) 









Hl} 

| HHI) AL 
HHI TL 
Hili Jiili 
Jill HTT 


(4) V=speed of light in meta material = c |n| (Incorrect) 


/ Y } 

fi Wi Hi Jj HH HNI 

Ji Mh LL IIN ill Hi (Based on I.1.T, 2012) 
Correct answer: (1) 

Solution: 


For normal materials 


Here V = speed of light in medium. For a ‘meta—material’ since in is a negative number, V would become 
a negative number. Therefore, we take 


For a ‘meta material’, the refracted ray is on the same side of normal as the incident-ray is. Hence the 
figure, given in option (1) correctly shows the refraction ofan incident ray, in such a material. 
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Easy Refraction of Light 


8. A divergent beam of light from a point source S, (having a divergence angle a), falls 
symmetrically on a glass slab as shown in Fig. 6. The angle of incidence of the two extreme 
rays are equal. It the thickness of glass slab is t and its refractive index is n, the divergence 
angle of emergent beam,would be 


S 
(1) zero (Incorrect) 
(2) a Fig. 6 (Correct) 
(3) sin” (=) (Incorrect) 
(4) 2sin™ (=) (Incorrect) 


Correct answer: (2) 
Solution: 


Fig. 7 show refraction, through the glass slab, for incident rays SA and SB. 
The emergent ray CE is parallel to SA and the emergent ray DF is parallel 
to SB. The emergent rays appear to diverge from point §'. However the 


angle of divergence |ES'F also equals a. 





Unit-16 : Optics 
Difficult Refraction of Light 


9. A parallel glass slab, of thickness 4 cm, has been made from a glass of refractive index 
J3 -Aray of light is incident on one face at an angle of incidence of 60°. The lateral shift of 
the ray, due to refraction, through the slab, is (nearly) 
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(a) 2.0cm (Incorrect) 
(2) 23cm (Correct) 
(3) 2.6cm (Incorrect) 
(4) 29cm (Incorrect) 


Correct answer: (2) 
Solution: 


Fig. 8 shows incident ray PQ undergoing refraction through glass slab. 
RS is the emergent ray. The lateral displacement = RT =x (say). P 


Fromright angled A QRT 


z =sin(i-r) 


Fromright angled AQQ,R 





QQ! et or | 
QR cosr 
tsin(i-r) S 
RT =x=3—— Za (1) 
cosr 


Applying Snell’s law at point Q, 


(1)sin 60° =(v3)sinr 


1 
sinr =— z. 1 =30° 
or z 


Given t= 4 cm. From Eqn. (1) we have 


_ 4 sin(60°-30°) 


X 
cos30° 





cm =4tan 30° = i cm 
V3 


=2.3 cm 
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10. A ray of light is incident, from the ‘glass side’, at the glass—water interface, at an angle i. It 
emerges out parallel tothe surface of water as shown in the Fig. 9. The refractive index, 


H, , of glass, is 





(Incorrect) 
1 

D — (Correct) 
sini 

@) 4 Fig. 9 (Incorrect) 
3 

(4) 1 (Incorrect) 


Correct answer: (2) 


Solution: 


Let p, and u, denote the refractive indices of glass and water, respectivly. Let rbe angle ofrefraction in 


water, for ray incident in glass at angle i. From Snell’s law, 
M sinis ya Sint O (1) 


For refraction at water-air interface; using Snell’s law, we get 


u, sinr = 1x sin( Z) 
oO 2 


Sp (2) 
From Eqn. (1) and (2) we have 





p, sini =1 
ol 
Ms (sini) 


777 


UDOON 


A program to give wings to girl students 


Unit—16 : Optics 


Average 


11. A light beam is propagating, from region I to region IV [refer to 
Fig.10. The refractive indices of region I, II, II and IV are (n,), 


(3), (=) and (2) respectively. The angle of incidence, 








0, in region I, for which the beam would just miss entering region 
IV, is 
3 
1) sin'| — 
(1) 
(2) sin" 1 
8 
1 
3) sin" | — 
(3) 4 
(4) sin” 1 
3 


Correct answer: (2) 


Solution: 


Refraction of Light 


Do I 





NIE 


TT 


Ul 


No 
6 






x 


Fig. 10 


(Incorrect) 
(Correct) 
(Incorrect) 
(Incorrect) 

(L.I.T 2008 Main) 


Fig. 11 shows the ray OA incident, from region I, at an angle of incident 0 . Since the incident ray at C, i.e, 
region II] just fails to enter region IV, the angle of incidence at C, must equal the critical angle of incidence 


between regions III and IV. Hence 


[sin (52 )sin 7 
6 ° 8 2 
a (3) 
sini, =| — 

4 


Using Snell’s law at point A and B, we have 





nsin ð = [sin 6, 
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and [2 sno, (2 sini, 
2 6 


no(sin0)=72 (sini = sin@= 


0 =sin” (=| 
8 


Unit—16 : Optics 


x 


alr 
Kl w 
cole 


Average Refraction 


12. A ray of light passes through four transparent media (with refractive indices 4, 1,, H, and 


H,) as shown in the Fig. 12. The surfaces of all media are parallel. If the emergent ray CD 
is parallel to the incident ray AB; we must have 





GQ m=, (Incorrect) 
(2) WL =H, (Incorrect) 
3) m =H, Fig. 12 (Incorrect) 
(4) M 7M, (Correct) 


Correct answer: (4) 


Solution: 


Let i, be angle ofincidence of ray AB in medium of refractive index 4. Let, r, be angle of refraction in 
medium 2. From Snell’s law 


u sini Se SING O (1) 


The angle ofincidence, in medium y, is r,. Let angle of refraction, in medium 3 be r,. Then 
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W sini =M3SINT On (2) 


The angle ofincidence in u, is r, and angle ofemergence of ray CD in medium u, is i, (because CD is 
parallel to AB). Therefore 


Li, sini, =, Sing, 


From Eqns. (1), (2) and (3) we have 


u sini, =, sini, 


Hy, = Hy 


Unit-16 : Optics 


Difficult Refraction of Light 


13. 


A parallel glass slab, of thickness t, has a uniformly varynig refractive index. The media, 
on the two sides of slab, have refractive indices n, and n, (n, > n,), respectively. A ray, in 


medium of refractive index n,, enters the slab, at an angle of incidence 6, . After passing 
through the slab, it emerges out in the medium of refractive index n,. The angle of emergence 


is 0, . Which of the following statements is incorrect? 


(1) 0, =0,; ifn, =n; irrespective of the nature of variation of the refractive index of the 


slab. (Correct) 
(2) ©, depends on the nature of variation of refractive index of slab (Incorrect) 
(3) nsin, =n,sin0, (Correct) 
(4) 0, ismore than 6, (ifn, >n,) (Correct) 


Correct answer: (2) 


Solution: 


Let n, and n, be the refractive index ofthe glass layers, AB and CD, respectively. We can put 


ny =n, +at 


(a =constant rate of change ofrefractive index) 


For refraction at layer AB 
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n, sin @, =n, sin 0, 
For adjacent layers, we would have 
n, sin, =n’, sin 0, 
n sinð, =n a SiN O a 
np sinp =n, sin, 


For refraction, at the layer CD, into medium of refractive index 
n, we have 


n, sin®, =n, sin 8, 





From these equations, we get 
n,sin6, =n, sin6, 
and, therefore, 
n, sin 8, =n, sin, 
Hence 0, and O, depend on n., n, and not on the (uniform) nature of variation of the refractive index of 


the slab. 


Thus, out ofthe given statements, only statement (2) is incorrect. 


Unit—16 : Optics 
Difficult Refraction 


14. A transparent slab of thickness d has a refractive index 
n(z) that increases with z. Here z is the vertical (depth) 
distance inside slab; measured from top. The slab is 
placed between two media having uniform refractive 
index, n, and n, (> n,) respectively. A ray of light is 






medium 1 
n 1, 


incident, at an angle 0, , from medium 1, and emerges 


out, in medium 2; with refraction angle 9,, and with a 


later displacement ¢. Which of the following statements 
is incorrect? 





‘medium 2 


Fig. 14 
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(1) @ independent ofn (z) (Correct) 
(2) n,sin0; = (n, -n, )sin®, (Incorrect) 
(3) nsin, =n,sin0, (Correct) 
(4) £ depends onn, (Correct) 

(LI.T 2016 Adv.) 


Correct answer: (2) 
Solution: 


The lateral displacement depends on (i) n, and (ii) n, but is indepdent of n(z). The only incorrect statement 
is 


n, sin, =(n, —n, )sin 0, 


Unit-16 : Optics 
Difficult Total Internal Reflection 


15. A glass slab, of thickness t, has a refractive index z . A point source is kept at the bottom 


of the slab. The fraction of light, emitted by S, that emerges out of the upper face of slab, is 





d) 0.5 (Incorrect) 
V3 (1 

(2) f E í 3 ) (Incorrect) 
V5 | (1 

(3) h Ea (5) (Correct) 

(4) 0.25 (Incorrect) 


Correct answer: (3) 
Solution: 


Fig. 15 shows that only those incident rays from S, that lie within the cone OAA’, emerge out of the upper 
surface of glass. Also 


a eee” 
sini, ===% 
u 3 
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The area S; from which light emerges out is 
S = | (2nR sin 8)(Rdd) =(2nR?)|-cos 6 
0 


=2nR’[1-cosi, | 


et 


J5 
3 





=2nR? f 


The total light, emitted by S, gets spread over the surface ofa sphere ofradius R, i.e., 4nR?. Therefore 
Fraction oftotal light (emitted by the source S) that passes out of the slab, is 


2nR? f -$| 
al 


4nR? 


[£4 
3/2 


Unit-16 : Optics 
Average Real and Apparent Depth / Height 


16. A ballis dropped, from a height of 20 m, above the surface of water in a lake. The refractive 


4 
index of water is 3 . A fish inside the lake; in the line of fall of the ball, is looking at the ball. 


At the instant when the ball is 12.8 m above the surface, the fish would observe the speed 


of the ball as 

(1) 9ms"! (Incorrect) 
(2) 12 ms" (Incorrect) 
(3) 16 ms“ (Correct) 
(4) 21.33 ms“ (Incorrect) 
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(L.1.T 2009) 
Correct answer: (3) 
Solution: 


In the Fig. 16, B is the actual instantaneous position of the ball when it is at a height y above the surface of 
water. B, is the apparent position of the ball, as seen by the fish. The instantaneous apparent height 
OB, =y,. Let p be the refractive index of water. We know that 


yı = by 
d d = 
Ni | & ` 
dt # | dt ) l | 7B 
dy l yı i 
ar v =Instantaneous speed of the falling ball = ./2gh 4 i 


= ,/2x9.8(20-12.8) =12 ms” 





d 
The apparent instantaneous speed of ball= a aan 
A Fig. 16 
= E 12 Jms” =16ms" 
Unit-16 : Optics 
Difficult Reflection and Refraction 


17. A container is filled with water (u = 1.33) up to a height of 33.25 cm. A concave mirror is 
placed 15 cm above the surface of water, as shown in the Fig. 17. The image, of an object O, 
at the bottom gets formed at I, 25 cm below the water level. The focal length of the mirror 


is (approximately) T it 

I 

15 cm i 
l 
f 
I 
25 
i 

33.25 cm I ice 

I 
st 
I 
O Fig. 17 


784 


UDAON 


A program to give wings to girl students 


(1) 10cm 
(2) 15cm 
(3) 20cm 
(4) 25cm 


Correct answer: (3) 


Solution: 


33.25 





Due to refraction at water, the object, at O, appears to be at a distance of E 
top level of water. Hence the object distance for mirror = (25+15) cm = 40 cm 
For concave mirror 


u =—40 cm, v =—b (say), f=? 


(Incorrect) 
(Incorrect) 
(Correct) 
(Incorrect) 
(LI.T 2005) 


cm = 25cm, below the 


However, the reflected rays again undergoes refraction at surface ofwater. The apparent depth ofthe 


image, below the water level in tank, is ub' and is given to be 25 cm. Therefore, 


b= 2I eis cm = 33.8cm 
1.33 


Using mirror formula, we now get 


1 1 1 


. f =-18.3cm =(—20)cm 


<. Focal length of the mirror = 20cm 


Unit—16 : Optics 


East 


Refraction 


18. White light is incident on the interface of glass—air, as shown in the Fig. 18. If green light is 
just totally internally reflected, then the emerging rays, in air would have in them, the 


colours 
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(1) yellow, orange, red (Correct) 
(2) violet, indigo, blue (Incorrect) 
(3) all seven colours of white light (Incorrect) 
(4) all the other six colours of white light (exept green) (Incorrect) 

(L.1.T 2004) 


Correct answer: (1) 


Solution: 


1 
Let u be the refractive index of glass for light of wave length A. We know H & res . Also, 


' (4) 
i, =sin'| — 

u 
-ksin' (J) 


where k is a constant 


The angle of incidence, for green colour, equals the critical angle. For light of à more than that ofthe green 
colour, the critical angle would be more than that for green. Only these colours would not undergo T.I.R 


and would emerge out. Therefore, yellow, orange and red (having À > À, ) would emerge out. 


Unit-16 : Optics 
Average Refraction of Light 


19. Aray of light, travelling in water, is incident on its surface open to air. The angle of incidence 
0 is less than the critical angle of incidence. Then there will be 


(1) only a reflected ray and no refracted ray (Incorrect) 
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(2) only a refracted ray and no reflected ray (Incorrect) 


(3) a reflected and a refracted ray and the angle, between them, is less than (180°— 2 6) 


(Correct) 

(4) areflected and a refracted ray and the angle, between them, is greater than (180°— 
20) (Incorrect) 
(1.1.T 2007) 


Correct answer: (3) 
Solution: 


Since angle of incidence is less than critical angle, we will have both 
reflected and refracted rays. In Fig. 19, AO is the incident ray. OB and 
OC are the reflected and refracted rays. The angle of refraction 


[NOC = 0, > 6. 
[Because light is going from a denser to a rarer medium]. Also 
The angle between reflected and refracted ray 


=|BOC = n-(0+8,) 





As 0+0, > 20, /BOC is less than (x —20). 


Unit-16 : Optics 
Average Refraction Through a Prism 


20. In an experiment to determine the refractive index of glass of a prism; the (i) vs. (ô ) graph 
is plotted. It was found that a ray incident, at an angle of 35°, suffers a deviation of 40° and 
it emerges at an angle of 79°. Which is the closest possible value of 1? 


qd) 1.5 (Correct) 
(2) 1.6 (Incorrect) 
(3) 1.7 (Incorrect) 
(4) 1.8 (Incorrect) 

(LI.T 2016 Main) 
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Correct answer: (1) 


Solution: 
For a prism ofrefracting angle A; a ray incident at an angle i,; emerges out at angle i. The deviation, 8, is 
6=i,+i,-A 
Given 6 = 40°; i, =35°,i,=79° 
40 = (35+79)-A 
or A=74° 


The refractive index u of prismis given by 


: ( A+ 
sin 
Soe 
E9 

sin| — 

2 
Assuming that incident ray has undergone minimum deviation we have 
: í 74+40 ) 

sin | ——— 


sin 37° 








=1.51 


The deviation, for the given incident ray, may not be the minimum value of deviation. We can, therefore, 
only say that u is close to 1.5. 


Unit-16 : Optics 
Easy Refraction Through a Prism 


21. A ray oflight is incident normally on one face of a prism of refracting angle 30° and refractive 


index ./2 . The angle of deviation is 


(1) 45° (Incorrect) 
(2) 30° (Incorrect) 
(3) 15° (Correct) 
(4) zero (Incorrect) 

(LILT 1997) 


Correct answer: (3) 
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Solution: 


Fig. 20 shows prism PQR. Ray AB is incident normally on its face 
PQ. It passes straight into the prism. The ray BC, inside the prism, 
is incident on face PR at an angle of incidence i= 30°. Let r be the 
angle of refraction. From Snell’s law: 


V2 sin30=1xsinr 





1 . 
o —>=sinr 
V2 
Fig. 20 
r=45° 
The angle of deviation= ô =r—i=15° 
Unit-16 : Optics 
Easy Refraction Through a Prism 


22. The graph between angle of deviation (ô ) an angle of incidence (i) for a triangular prism is 


m f 


(2) 
O — i O i— 
ò ò 
(3) | (4) | 
O i— O i— 


Correct answer: (3) 
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Solution: 


Angle of deviation (6 ) for a given prism depends on angle of incidence (i). Starting from small values ofi, 


5 decreases as i increases. It accquires a minimum value for a particular angle of incidence; after that it 
starts increasing as i increases further. This is shown correctly in option 3. 


Unit-16 : Optics 
Average Refraction Through a Prism 


23. Beams of red and violet colour, are made to pass through a prism of angle 60°, one by one 
r, and r, are the angles of refraction, when 6, and 6, are the angles of minimum deviation, 
in the two caess. Then 


d) n>n; ð >ð, (Incorrect) 
(2) 1, =r, =30° =ô, (Incorrect) 
(3) <n ô <ô, (Incorrect) 
(4) r,=r, =30°; 6, <ô, (Correct) 


Correct answer: (4) 
Solution: 


Under minimum deviation conditions 


han <= 30" 


Therefore, r, =1,= 30° for both red and violet rays when they are undergoing minimum deviation. 


The refractive index u of prism is 
(£ + èn) 
sin| —— 
2 


sin| — 
2 


We know that Hy > Hp ; therefore angle of minimum deviotion for violet colour is more than for red colour 


ie., 6, <5,. 
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Average Total Internal Reflection 


24. A ray of green light is incident from water to air; (at the air—water interface) at the critical 
angle of incidence. Select the correct statement: 


(1) Theentire spectrum of visible light will come out at an angle of 90° to the normal 
(Incorrect) 


(2) The part of the spectrum of visible light, for which the frequency in less that of green 
light, will come out in air (Correct) 


(3) The spectrum of visible light, whose frequency is more than that of green light will 
come out in air. (Incorrect) 


(4) The entire spectrum of visible light will come out of water at different angles to the 
normal (Incorrect) 


(1.1.T Main 2014) 
Correct answer: (2) 


Solution: 


Let (i), be critical angle of incidence for green light at the water air interface. Then 


For v<v,;4 > à. Refractive index decreases as 1 increases. From for V < v, ; critical angle of incidence 
increases. These rays would not undergo total internal reflection at i = (i, ), . These colours would, therefore, 


emerge out of the water-air, interface, into the air. 


Unit-16 : Optics 


Average Refraction Through a Prism 
25. PQR isan isoceless prism of angle 120° and has a refractive index P 
of 1.44. Two parallel rays AB and CD undergo refraction through 
this prism. The rays, emerging from the opposite face B 
OQ 
Fig. 22 i E 
ig. K 
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(1) are parallel to one another (Incorrect) 
(2) are diverging (Incorrect) 
(3) make an angle of 2[sin“' (0.72)—30°] with each other (Correct) 
(4) make as angle of 2 sin“ (0.72) with each other (Incorrect) 

(L.1.T 1995) 


Correct answer: (3) 
Solution: 


Fig. 23 shows the refraction ofrays AB and CD through prism. 
Applying Snell’s law at point E. 


1.44 sin 30= 1x sinr 
r=sin | (0.72) 
The angle of deviation 6, at E is 


8, =r—30° =sin™ (0.72) -30° 





Similarly, the ray CD, also gets deviated through an angle ô, at the point F 
The angle 0 between the two emergent rays is 


0 = 28, = 2| sin '(0.72)-30° | 


Unit-16 : Optics 

Average Total Internal Reflection 
26. Aparallel beam of light is incident, from air, at an angle 
a, on the side PQ of a right angled prism of refractive 


index ./2 . Light undergoes total internal reflection in the 
prism, at the face PR, when a has a minimum value of 
45°. The angle, 6, of the prism is 





Q R 


qd) 15° Fig.24 (Correct) 
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(2) 22.5° (Incorrect) 
(3) 30° (Incorrect) 
(4) 45° (Incorrect) 


(LI.T Adv. 2016) 
Correct answer: (1) 
Solution: 


Fig. 25 shows total internal reflection occuring at the face PR. Applying Snell’s law at B 
Ixsina = 2sinr, 


Given a = 45°; therefore 


1 2 : 
—=Vv2sinr, 
V2 i 


or r,=30° 





Let i, be the critical angle of incidence inside glass. Then 








V2 sini, =1xsin = Fig. 25 
n1545 
From A PBC; we have 

64 Tir + r i, =180° 

2 2 
0 =i, -5 =(45-30)° =15° 
Unit—16 : Optics 

Difficult Refraction Through a Prism 


27. ABC isa prims of refracting angle 30° and refractive index ./3 . The face AC is coated with 


a film ofa transparent material of refractive index 2.2. An incident ray undergoes refraction 
inside the prism, but does not undergo any deviation at the film. If the net deviation is 30°, 
the angle of incidence, i, is 
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(1) 30° (Incorrect) 
(2) 45° (Incorrect) 
(3) 60° (Correct) 
(4) 90° (Incorrect) 


Correct answer: (3) 
Solution: 


Fig. 27 shows the path of the incident ray PQ. QR falls normally on the 
film on face AC. There is no deviation due to film. The deviation is only 
due to refraction on face AB of prism ABC. Given 


5 =(i-r)=30° 
Applying Snell’s law, at point Q, we get 


(i) sini = (3 )sin (i -30) 





This relation is satisfied ifi= 60°. 


Unit-16 : Optics 
Average 


28. A right angled prism is to be made by selecting an 
appropriate material and angles A and B (B < A) as shown 
in the Fig. 28. A ray PQ, incident normally on face AB, is to 
emerge parallel to itself, after two internal reflections, as 
ray RS. The minimum value of p of material, for this 
requirement, is 
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(i) 2 (Correct) 

D 3 (Incorrect) 
3 

(3) a (Incorrect) 
2 

(4) B (Incorrect) 


Correct answer: (1) 
Solution: 


Total internal reflection must take place at points Q and R as shown in Fig. 29. Angle of incidence, at Q, 
equals angle A and angle of incidence, at R, equals angle B. Let i, be the critical angle ofincidence. Then 


A2B2i, 
Also, A+B = 90° (given) 
It follows that, p, for the material of prism is minimum if 


A=B=45° and this is also the value of the critical angle. Hence 


Lenin Si 45° = 1x sin 


or Himin = V2 





Unit-16 : Optics 
Average Total Internal Reflection 


29. Aright angle prism PQR is made of a material of refractive index 1.67. AB is ray incident 
normally on face PQ as shown in Fig. 30. Which of the following statements is correct? 
P 


R 
Q Fig. 30 


795 


UDOON 


A program to give wings to girl students 


(1) AB emerges out of face PR of prism (Incorrect) 
(2) AB undergoes a deviation of 60° on face PR of prism (Correct) 
(3) Ray AB, emerges out of face QR at an angle of emergence of 45° (Incorrect) 
(4) Ray AB emerges out of face QR normally (Incorrect) 


Correct answer: (2) 
Solution: 


The critical angle of incidence, i, inside the prism is given by 


1.67 sin i= Ixsin 5 


i, =sin™ (5 = 36.8° 
1.67 


The angle of incidence on face PR is 60°. This is more than i ; 
hence T.I.R occurs at face PR. E 


Fig. 31 
The angle of deviation = 180°-120°= 60° 





The totally reflected ray CD, is incident at 30°, at point D, on face QR. The angle emergence, e, is given by 
is 


1.67 sin 30°= 1 xsin e 
e=sin ' (0.835) = 56.6" 


Hence statements (3) and (4) are seen to be incorrect. It is only statement (2) that is correct. 


Unit-16 : Optics 
Difficult Refraction Through a Prism 


30. A monochromatic light is incident on a glass prism of 
angle A. The refractive index of the material of the 
prism is H.A ray is incident at an angle @ on the face 
AB of the prism. It can emerges out of the face AC of 
prism provided 


Fig. 32 
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(1) @<cos"| psin, A+sin™ E} (Incorrect) 
u 

(2) 0<sin"| pusin; A-sin“ Ey (Incorrect) 
u 

(3) @>cos™| usins A +sin” E} (Incorrect) 
L u 





Eje 


(4) 0>sin" (rsin fa +sin™ | 


i (Correct) 


(1.1.T Main 2015) 
Correct answer: (4) 
Solution: 


Fig. 33 shows the ray PQ incident on face AB of the prism. Let r, be angle of refraction at Q. From Snell’s 
law 


1xsin ð = psint, 


n =sin' (=!) ead (1) 
u 


The refracted ray QR is incident on face AC at an angle r,. The ray P 
would emerge out of face AC ifr, <i where i is the critical angle of 
incidence (from glass to air). Also 


i, =sin™ (4) 
; chi (2) 


ss a ae (3) 





Fig. 33 


Now. 


For ray QR to emerge out, we must have r, <i, 


n =(A-n)>(A-i) 
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or sin sin (2) >sin(A-i,) [ClfEqn (1)] 
u 


0> sin” [ usin (A-i.)] 


[pC] 


Unit-16 : Optics 
Difficult Total Internal Reflection 


31. A lightray, travelling in glass medium, is incident on the glass—air interface at an angle 0. 
The reflected (R) and the transmitted (T) intensities, are both plotted, as functions of 0 . 
The correct graph is the graph labelled as 


100% 





100% 





(LLT 2011) 


Correct answer: (3) 
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Solution: 


At 9=0°;R+T=1. However, R is not zero and T is not 1. As 0 increases, from 0° to the critical angle 
Oc ; T decreases and R increases. For 6 > 0, , upto 90°; there is no transmitted beam; therefore, T = 0. 
Over this range, due to T.I.R, 100% of incident light is reflected back, i.e., R= 1. 


These variation are correctly shown only in graph (3). 


Unit-16 : Optics 
Average Refraction Through a Prism 


32. ABC and BCD are two prisms joined together 


D 


as shown in Fig. 35 p, and H, are the 
refractive indices of the material of the two 
prisms. Given: 





4 
D 39+ COE ) ‘i 
u =1. mp an 


al p wr 


er (1.80 x 10*) A B 
Races © Fig. 35 








where 2 is in nm. PQ is an incident ray, incident on face AC.There is no bending of ray 
inside the prisms, on the face BC, the common face of the two prisms. The wavlength, 1, 
of the incident ray, PQ, must be 


G) 400nm (Incorrect) 
(2) 450nm (Incorrect) 
(3) 600nm (Correct) 
(4) 650nm (Incorrect) 


Correct answer: (3) 
Solution: 


For no deviation of ray incident on BC; (irrespective of the angle of incidence on BC), we must have 


U, = p, . Therefore 


4 4 
agy Esri 1.80x10 


=1.45+ 
E 
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A = 600nm 


Unit-16 : Optics 
Average Refraction Through a Prism 
33. Three prisms, made from materials of, refractive indices ,, p, and H,, are arranged as 


shown in Fig. 36. An incident ray, AB, emerges out as EF, following the path shown in the 
figure. Then the rays undergo minimum deviation in 





(1) prism, p,, only Fig. 36 (Incorrect) 
(2) prism p, and prism u, but not in prism u, (Incorrect) 
(3) prism p, only (Incorrect) 
(4) inall the three prims (Correct) 


Correct answer: (4) 
Solution: 


The path of rays BC; CD and DE, inside the respective prisms, are parallel to the base of prism considered. 
Hence minimum deviation occurs inside all the three prisms. 

Unit-16 : Optics 
Average Refraction and T.I.R 


34. PQR is a right angled issoceless prism of a material of refractive index p; . It is placed 


inside a parallel slab, made of two parts, having refractive indices u, and H,, as shown in 
Fig. 37. An incident ray AB follows the path shown. We must then have 
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A 
u 3 
dA m s u= E H (Correct) 
u 3 
(2) m a u= e A (Incorrect) 
3) p,=V2n,=v3n, (Incorrect) 
u 2 
(4) h -n H, = E Hs (Incorrect) 


Correct answer: (1) 


Solution: 
Total internal reflection occurs at point B. Therefore u, < p, andi,<45°. Hence (i) „„=45°. Therefore, 
p sin 45° =(p,)_ sin 90° 


me 


(1s) nx “h 


The ray BC is incident on face QR at an angle of 45°. It emerges out at an angle of refraction of 60°. 
Therefore, 


p, sin 45° = p, x sin 60° 
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35. A point source S is placed at the bottom of a transparent block, 
of height 10 mm, and refractive index 2.72. It is immersed in a 
liquid of lower refractive index as shown in Fig. 38. It is found 
that the light, emerging from block to liquid, forms a circular i T 
bright spot of diameter 11.54 mm on top of the block. The 


x 
refractive index of the liquid, is 


Fig. 38 

(©) 1.21 (Incorrect) 
(2) 1.30 (Incorrect) 
(3) 1.36 (Correct) 
(4) 1.42 (Incorrect) 


(LILT Adv. 2014) 


Correct answer: (3) 
Solution: 


In Fig. 39 A A, is the diameter of bright circular spot. For incident 
ray SA ; total internal reflection occurs at A,. The angle of incidence 
=i, We are given that H, = 2.72. Let p, be the refractive index of 
the liquid. From Snell’s law, we have 








2.72sini, =u, xsin > Sib hap (1) S 
fe 11.54 yy 
Fromright—angled AOA,S Fig. 39 

ig. 

_. OA, _ 5.77 0577 1 

sini, SA 7 a a oe (2) 

1 | (10)' +(5.77) ] 
2.72 
LL, =a 1.36 
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Average Refraction Through a Prism 


36. Three identical equilateral prisms P, Q and R are arranged as 
shown in Fig. 40. An incident ray passes through all three and 


undergoes deviations p, Ög and 5, respectively, in each of 


the three prisms. 6 is the net deviation, due to the whole 
arrangement. Then 


(1) 5,1 =|8o|=|5x|=9, (say) and 6=38, 


(2) 5, |= '5o|=|6x|=4, (say) and 6=5, 


(3) 8, =(-3,)=8,3 5=26, 


(4) 5, =(-89)16,35 =25, +6, 


Correct answer: (2) 

Solution: 

Since the three prisms are equilateral and identical; we would have 
BA z [30 = lērl =6, 

However 5, is ina direction opposite to 6, . Hence the net deviation. 


5=|8,|—[8o|+|8,|=5, 


Unit-16 : Optics 


Fig. 40 
(Incorrect) 


(Correct) 


(Incorrect) 


(Incorrect) 


Difficult Passing of Light Through a Prism 


37. A ray of light PQ is incident on an equilateral 


prism ABC of refarctive index V3. It passes 

through the prism ABC as shown in Fig. 41. CDE 

is asecond prism exactly identical to prism ABC. Q 
The emergent ray, from prism ABC, is required p 
undergo minimum deviation in prism CDE. For 
this the prism CDE should be rotated through 
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(1) 30°, clockwise (Incorrect) 
(2) 60°, clockwise (Incorrect) 
(3) 60°, anticlockwise (Correct) 
(4) 30°, anticlockwise (Incorrect) 

(LLT 2005) 


Correct answer: (3) 
Solution: 


The path, QR, ofray inside prism ABC, is parallel to base AC of prism. The incident ray PQ is therefore, 
undergoing minimum deviation in this prism. Let i, and r, denote angle of incidence and refraction, at the 
face on AB. For minimum deviation, 


I =1, = 2=30! 


From Snell’s law 


(sini, = V3 sin30 








i, = 60° 


The ray QR emerges out of prism from face BC; at angle ofemergence = 60°. It is, therefore, incident 
normally, on face CD, of prism CDE. If this ray is to undergo minimum deviation inside CDE, angle of 
incidence of RS, on CD, should be again 60°. This will be so if prism CDE is rotated, through 60°, in the 
anticlockwise direction. 


Unit-16 : Optics 





Average Total Internal Reflection 
38. PQR isa prism of angle 0 (= sin" 0.8). The refractive p 

index, p, of the prism is given by 

8x10 A B 
p=1.20+ E 

2. is wave - length of incident light. Cc D 

AB isa ray of à} = 400 nm while ray CD has 2 =500 nm. Q R 

The two rays are incident as shown in Fig. 43. Which of Fig. 43 


the following statements is correct? 
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(1) Both rays AB and CD, emerge out of face PR (Incorrect) 

(2) Ray AB does not emerge out, but ray CD emerges out, from face PR (Incorrect) 

(3) Ray AB emerges out, but ray CD does not emerge out of face PR (Correct) 

(4) Neither ray AB nor ray CD, emerges out of face PR (Incorrect) 
Correct answer: (3) 


Solution: 


Let u and u, the, respective, refractive indices of the prism for rays AB and CD. Then 











-15 

nen N By 
(4x107) 
-15 

a pa 4 oy 
(5x107) 


The angle of incidence of both rays on face PR is 0. The critical angle, i, andi,, for wavelengths 4, and 


A, are 


i, =sin" (33) =sin '(0.85)=0 


i, =sin' ge >0 
1.232 


Therefore, ray AB undergoes T.I. R on face QR and does not emerge out. For ray CD, angle ofincidence 
@ is less than the critical angle i,. This ray emerges out ofrace QR. 


Unit-16 : Optics 
Average Refraction Through Prism 


39. PQR isan isoceless right angled prism, made from a material of refractive index 4; . It is 
placed inside a block made from a material of refractive index H, . The block itselfis inside 


a material of refractive index 4, . Fig. 44 shows the path of an incident ray through the 
arrangement. Then 
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Hy 
(1) W, >p; H, >M (Correct) 
(2) M <44 >H Fig. 44 (Correct) 
(3) pw, =H, <B, (Incorrect) 
(4) w,>H, =B, (Incorrect) 


Correct answer: (1) 
Solution: 


On face PQ, of prism, the angle of incidence = 45°. The ray emerges out. Therefore i, > 45. The ray also 


bends towards normal. Therefore p, > y, . From the side of the rectangular block the ray emerges out and 


bends away fromnormal. Therefore, p, > p. 


Unit—16 : Optics 


Average Total Internal Reflection 





40. AB and CD are two parallel slabs of materials of = 
refractive indices p,=/2 and p,= V3 ag oe 
respectively. The medium between the slabs has a 








refractive index p, =2 as shown in Fig. 45. The p 


minimum angle of incidence of ray PQ, so that T.I.R 
occurs at both the slabs, is 











Fig. 45 
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(1) 30° (Incorrect) 
(2) 45° (Incorrect) 
(3) 60° (Correct) 
(4) 57° (Incorrect) 


Correct answer: (3) 
Solution: 


Let i,, andi, be the critical angles of incidence for slabs AB and CD, respectively. Then, 


2sin(i,,) = v2 sin * 


v ete 0 
or i, =sin” | = |=45 
© 


Similarly, i,, = sin $) =60° 





Fig. 46 
Let i (> 45°) be the angle of incidence at AB so that T.I.R occurs at AB. The angle of incidence on CD 


equals i. For T.I.R to occur at CD; i 


min 


=i, = 60. 


Hence the minimum value ofi, at AB, must be 60°. 


Unit-16 : Optics 
Difficult Refraction of Light 


41. Aglass plate, of thickness t, is made of a material of refractive „u. A ray of light is incident 
on one face at an angle of incidence equal to the critical angle of incidence, for the glass— 





air interface. The lateral displacement, Z |- sin(i — r) of the ray, as it emerges out 


cosr 


of the glass plate, is given by 
(1) i 1 1 (Correct) 
B jw +1 


@ t K l ) (Incorrect) 
u p+ 
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t z. | 

(3) 7 i | a a (Incorrect) 
—- 

4) : i s - . = (Incorrect) 


Correct answer: (1) 
Solution: 
The angle of incidence, i, is 
oie | 1 ) sae i 
i=i =sin |>| or smi,=—-— o (1) 
u H 
Let r be angle ofrefraction into glass plate. From Snell’s law, 
(1)sini, =usinr 
sini, _ 1 


Foo (2) 
u p 





or sinr= 


The lateral displacement, 7, is given by 





gs! [ sin (i r)j-—— [sin icos r—cosisinr] 








cosr cosr 
=t[sini—cositanr] ashes (3) 
Now, 
cosi =(1 sin? i)’ -(1 | 
u 
tanr = k = H 





aE 


Substituting these values, in Eqn. (3) and simplifying, we get 
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Unit-16 : Optics 
Average Refraction of Light 


42. A monochromatic light ray, OP, is incident on face AB, near the vertex, B, at an angle of 
60°, as shown in Fig. 47. Refractive index of the material is V3 . Which of the following 
statements is incorrect? O 





Fig. 47 
(1) The incident ray gets totally internally reflected at face CD (Correct) 
(2) The ray emerges out of face AD (Correct) 
(3) The angle between the incident ray and the emergent ray is 90° (Correct) 
(4) The angle between the incident ray and the emergent ray is 120° (Incorrect) 


(L.I.T 2010) 
Correct answer: (4) 
Solution: 


Fig. 48 shows the path of the incident ray OP inside block ABCD. For refraction at P 
(1)sin 60 = (W/3)siny 
Lo 
or 35 sint 
1, =30° 
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The critical angle of incidence i, for air — material of ABCD, 
interface is 


bn tel z] 7 
i, =sin | —= |=35 
(7 


The angle ofincidence, at Q, is 45°. This is more than i; therefore 
T.LR, occurs at Q. For ray incident at point R, angle of incidence 
r, = 30°. This is less than i ; the ray, therefore, emerges out of 
face AD. Let i, be angle of emergence. From Snell’s law 


(V/3)sin30° =(1)xsini, 





i, = 60° 
The angle between the incident ray OP and emergent ray RS is 90°. 


Hence only statement (4) is an incorrect statement. 


Unit-16 : Optics 
Difficult Refraction Through a Prism 


43. ABC and BCD are two prisms joined together as 
shown in Fig. 49 Given 

4 

m, =1.20+ as 


1.80 x10 
and H, = a 





(à isin nanometer) Fig. 49 


PQis an incident ray. It undergoes minimum deviation through the combination, suffereing 
no deviation at BC. The wave length, à, and the angle of incidence of ray, PQ, are equal, 
respectively, to 


(1) à =600 nm; i= sin” (0.5) (Incorrect) 
(2) à =450 nm; i= sin" (0.75) (Incorrect) 
(3) 2 =450 nm; i= sin” (0.75) (Incorrect) 
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(4) A =600 nm; i= sin’ (0.75) (Correct) 
Correct answer: (4) 
Solution: 


The will be no deviation at face BC it H, =H, ; i.e., if 


4 4 
1.204 ew -1.454 LSU 
À A$ 





This gives 4 = 600 nm 
For H, =H, ; the given arrangement is a part ofa truncated prism 
ofangle 60° as shown in Fig. 50. Also u =1.5. 


[Value of p is obtained by putting à = 600 nmin the expression 


for either u, or u, ]. For minimum deviation the angle ofrefraction 
r, at face AC, is given by 





2 Fig. 50 
Applying Snell’s law at point Q, we have 


(1)sin(i)=(1.5)sin30° = 0.75 


i=sin" (0.75) 


Unit-16 : Optics 
Difficult Dispersion Through a Prism 
44. A prism P, of angle 4°, is made from a material of refractive index 1.54 and dispersive 
power 0.05. It is combined with another prism Q of angle a. The refractive index and 
dispersive power of material of prism Q are 1.72 and 0.06, respectively. There is no net 
deviation due to combination, but there is a net angular dispersion, A. Then 


a) a=3°; A=0.4° (Incorrect) 
(2) a=3°; A=0.3° (Incorrect) 
B) a=3°; A;0.022° (Correct) 
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(4) a=3°; A;0.24° (Incorrect) 
Correct answer: (3) 


Solution: 


Let ©,; 4, and œ, denote angle of prism; refractive index and dispersive power for prism P. &,; u, and 


©, are the corresponding quantities for prism Q. The combination produces not net deviation; therefore 





5=(n,-1)a, +(p, -la, =0 


n ao z 


(1.72-1) 








Negative sign of a, of indicates that the base of P and Q are oppositely directed to each other. Then net 
angular dispersion, A ; is 


A =(@,-0,)(u,-1) a, 


= (0.06 — 0.05) x 0.54 x 4°= 0.022° 


Unit—16 : Optics 
Average Refraction at a Spherical Surface 


45. A spherical glass surface, of radius of curvature R, seperates air (refractive index 1.0) 
from glass (refractive index 1.5). The centre of curvature of the glass surface lies in glass. 
A point object, P, placed in air, is found to form a real image, Q, in the glass. The line PQ 
cuts the surface at O and OP= PQ. The distance, OP, is 


(a) 5R (Correct) 
(2) 3R (Incorrect) 
(3) 2R (Incorrect) 
(4) 15R (Incorrect) 


Correct answer: (1) 
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Solution: 





n— a — b — Fig. 51 


Fig. 51 shows the object P, and its real image, Q, formed inside the glass. Let a and b be the object and 
image distances. Given a =b. Therefore, 











u=-a, v = +a, R= +C, H = 1.0, H, =1.5 








Using refraction formula He ( 1 ) = (= =f ; we have 
v u R 


15 PE 2.5 1 
a —a C ’?’a 2C 


a=5C=5R 








Unit-16 : Optics 
Difficult Refraction at a Sperical Surface 


46. A transparent thin film, of uniform thickness and refractive 
index n, (= 1.4), is coated on the convex spherical surface 
(of radius R), at the one end ofa long solid glass cylinder, 
of refractive index, n, (= 1.5), as shown in Fig. 52. Rays of 
light, parallel to the axis of cylinder, going through the 
film, from air to glass, get focused at a distance (the 
opposite way) f,, from the film; while the rays going from 
glass to air, get focused out a distance f, from the film. We 





would then have: Fig. 52 

(a) |f,|=3R;|f£,)=2R (Correct) 
(2) |f,|=3R; |f| =3R (Incorrect) 
3) |f,|=2R;3|f£,,}=2R (Incorrect) 
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(4) [f,|=2R;|f,)=3R (Incorrect) 
(LI.T Adv. 2012) 
Correct answer: (2) 


Solution: 


Film Film 





Fig. 53 
(a) E (b) 
Let |R| =c, be the radius ofeach surface of film, of thickness t. The focal length, f, of the thin film, according 
to lens maker’s formula, is 


+=(n,-0(4-2}=0 fac 

f cc 

The spherical film, therefore, behaves like a parallel slab; hence there is no deviation in a ray due to its 
passage through the film. Fig. 53 (a) shows parallel rays, going from air, getting focused at F,, inside the 
glass. For refraction, from film to glass, we have 





u 00; 


1 > Vv 





,=te,; R=+c 

Using the refraction formula, at a spherical surface; 
n, n j_ m-n, 

v, (4 R 


We get 
13 (12) 1s 
e Loa c 


e,=3c or |f|=3R 





Fig. 53 (b)shows the parallel rays, going from glass to air. Now 








u oo, V, 


3 = te,, R=-c. 
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Using the refraction formula: 








1 l 1.5 | 1-1.5 r 
e, (-2) (-c) or e5 c 
[6] =e, =2R 


Unit-16 : Optics 
Difficult Refraction a Spherical Surface 


47. Aquarter cylinder, of radius R and refractive index 1.5, is placed on a table. A point object, 
P, is kept at a distance, mR, from it as shown in Fig. 54. The ray, after refraction through 
the cylindrical part, emerges parallel to the table, as shown in Fig. 54. Then 


P 
a) m= 2 e R— (Incorrect) 
4 Fig. 54 
(2) m=1 (Incorrect) 
3 
3) m= p (Incorrect) 
4 
(4) m= 3 (Correct) 
(LLT 1999) 


Correct answer: (2) 
Solution: 


Fig. 55 shows the refraction of the incident ray PQ; on the plane surface AB. The refracted ray, QR, inside 
the glass appears to come from P ,. For refraction at this plane surface, we have 


Jee 
1.5 AP, 
AP, = 1.5mR 
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The ray QR is incident inside the glass on the curved surface, BO. 
The emergent ray RS is parallel to the table. For refraction at this 
spherical surface, we have, n, = 1.5, n, = 1.0; u=—[1.5mR +R] 
and v= œ. Also ‘R’ needs to be taken with a negative sign, as 
per the sign convention. Using refraction formula 











1 1.5 1-1.5 mk 
o |-(1.5mR+R)| (-R) n— |.5mR— 
u— (1.5mR+R) — 
l mt Fig. 55 
(1.5m+1) 2 g 
at 
or 3 
Unit-16 : Optics 
Difficult Refraction at Spherical Surface 


48. Two glass rods; S, and S, (refractive index = 1.5) have one of their ends as convex surface 
of radius of curvature, 10 cm. They are placed with the curved surfaces, at a distance d, as 
shown in Fig. 56. When a point object, P, is placed inside S, on their common axis, at 
distance of 50 cm from the curved surface, the light rays emerging from it, are formed to be 
parallel to the axis inside S,. The distance ‘d’ equals 





he 
(1) 60cm nga (Incorrect) 
(2) 70cm (Correct) 
(3) 90cm (Incorrect) 
(4 90cm (Incorrect) 


(LI.T Adv. 2015) 


Correct answer: (2) 
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Solution: 
For refraction of light, at the curved surface ofrod S., we have 

u, =—50 cm, v, = ?, R, =—10 cm, H = 1.5, H, = 1.0 


From refraction formula, we get 


1 fe | 1-1.5 a, ei 


v LC507 C10) 


Since v, is positive, the image Q_, formed by S.,, is realas shown in the Fig. 57. Q, acts as the object for 
rod S,. For refraction, at the curved surface of S,, we have 








u= —(d-50) cm; v= to; R, =+10 cm 


u =1.0 and H: =1.5 








Using refraction formula, we get 


—— d ——1 


1.5 1 _1.5-1 u— 50 p 50 e (4-50) RE 
æ |-(d-50)| +10 a 
Fig. 57 
d=70cm 





Unit-16 : Optics 
Difficult Refracted a Spherical Surface 


49. Acylinderical rod of length L is curved at one end. The rod is divided into two equal parts 
as shown in Fig. 58. A small dot, at the mid—point P, is viewed from the plane, and the 
curved side, one by one. The position of image, from the respective surface used, is found 
to be the same. The radius of curvature of curved surface equals L. Then the refractive 


index, H, of the right half of the cylindrical rod, is 








(1) 1.4 (Incorrect) 


UDOON 


A program to give wings to girl students 


(2) 1.5 (Incorrect) 
(3) 2.0 (Incorrect) 
(4) 3.0 (Correct) 


Correct answer: (4) 
Solution: 


In Fig. 59, E, is the position ofeye when the object P is being viewed from the plane surface of the rod. Let 
P’ be the apparent position of the image. 
Then 
TE 
2 4 
E, is position ofeye when P is viewed from 
the curved surface. For curved surface; the 
image is again getting formed at P’. Hence 
L L 


u , Vv , R L 
2 4 














Fromrefraction formula, for a spherical surface, we get 





1 H |_l-m 
yy 
4 2 
H = 3 
Unit-16 : Optics 
Average Lenses 


50. Aspherical lens forms an image, twice the length of the object, on a screen. The distance 
between the object and the screen is 120 cm. The power of the lens, is (nearly) 


(1) +3.75 D (Correct) 
(2) +2.50 D (Incorrect) 
(3) +2.0D (Incorrect) 
(4) +1.25 D (Incorrect) 


Correct answer: (1) 
818 
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Solution: 


Let aandb the distance of the distance of the object and screen from the lens. Since image is projected on 
the screen; it is real and, therefore, inverted. The magnification 


pee 


u (-a) 


b=2a (1) 





The distance between screen and object = 120 cm (Given) 
b+a=120 0 ee (2) 
From Eqn.s (1) and (2) we have 
a= 40 cm, b= 80cm 








~- u=—40cm, v = +80 cm, f=? 


Using lens formula, we get 


1 1 1 80 0.8 
=— or f=—cm= m 
80 =] f 3 3 





1 
P = The power of lens= ——D = +3.75D 
(8) 
Unit-16 : Optics 
Difficult Lens 


51. Fora given lens, the graph, between object position, u, and the image position, v, is shown 
in Fig. 60. The focal length of the lens (in cm) is 





Fig. 60 


u —> (incm) 
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(1) (50 +0.1) 
(2) (5 +.0.05) 
(3) (0.5 +0.1) 





(4) (0.5 +0.05) 


Correct answer: (2) 


Solution: 


From graph, for u=—10 cm, v = +10 cm. The focal length, f, is given by 


1fiji 
—-|—|=- a f=5em 
10 |-10] f 


Also, Au=+ 0.1 cm, Av=+ =0.1 cm; 


TE 
wy uj f 


.. Differentiating, we get 


Af Av), Au 
f? v2 ow 


or apna EzE] f? 
y u 











=+ 





E 01 


H KO =0.05cm 
100 100 


Therefore, the focal length, f, is 


f =[5+0.05]cm 
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(Incorrect) 
(Correct) 
(Incorrect) 
(Incorrect) 
(L.I.T 2006) 
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Unit-16 : Optics 

Easy Lens & Mirror 


52. In Fig. 61 (a) and (b), the same object, PQ, placed, in front of a convex lens and a concave 
mirror, one by one, forms the image P'Q'. Which of the following statements, for the 
position of the object PQ, is correct? 


[ [uaa | Minera 
In between F and 2F Beyond C (Incorrect) 
Beyond F In between F and C (Incorrect) 
In between F and 2F In between F and C (Correct) 
Beyond 2F In between F and C (Incorrect) 








Fig. 61 


Correct answer: (3) 
Solution: 


Both the convex lens and the concave mirror form a real, inverted and enlarged image, when the object is 
placed in between their fand 2f points for the lens and between F and C points for the mirror. 


Unit-16 : Optics 
Average Refraction 


53. The focal length, of a thin biconvex lens is 20 cm. When an object is moved from a distance 
of 25 cm in front of it to 50 cm, the magnification of its image changes is m, to m,. The ratio 
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qd 4 (Incorrect) 
(2) 6 (Correct) 
(3) 1 (Incorrect) 
(4) 3 (Incorrect) 

(LLT 2010) 


Correct answer: (2) 
Solution: 


For the first position of the object, let us calculate m,. Here 


u=—25 cm; f=20 cm. Using lens formule == (4): , we have 
1 1 1 

te SS a op 

20 25) v 


1 1 [1 1 
ry 20 (25) 100 


“v= 100 cm 





The magnification m, is 


“~~ 


Let us now calculate magnification m, for the second position of object. We have 





u=—50 cm, and f= 20 cm 


1 1) 1 
eS p E a 
20 (=) v 


i 1 (1 3 
ry 20 (50) 100 








100 
v=—cm 
3 
The magnification m, is 
100, 2 
m, =% _( %) _ | ) 
u, -50 3 
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Hence option (2) is correct 


Unit-16 : Optics 
Easy Lenses 


54. A convex lens has a circular aperture of radius r and focal length f. The lens form a real 
image of on object. Let v and I denote the position and intensity of image formed. The 


central part, of the lens, of radius 5) is now painted black. Let v' and [' denote the 


position and intensity of image formed now. We would than have 


qd) v=v, =I (Incorrect) 
I 

D vi=v; I= 5 (Incorrect) 

(3) v'=2v; I'= ; (Incorrect) 
3I 

(4) Vey; I= a (Correct) 


Correct answer: (4) 


Solution: 


Painting the central part, of radius vA , does not change the focal length of the lens. Hence v'= v . The 


area of the aperture of the lens from which light passes, when central part has been painted black, is now 


="r—-n (4) = (34) nr = (34)a . The intensity [', ofthe image, is therefore (34) ofits earlier 


value, i.e., I'= (%4) I. 


Unit-16 : Optics 
Difficult Lenses 
55. An equiconvex lens has surfaces of radius of curvature 40 cm each. It is made of two parts 


as shown in Fig. 62. An object is kept at a distance of 80 cm from the lens. Which of the 
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following statements is correct? 





Fig. 62 
(1) There is one image at a distance of 80 cm only. (Incorrect) 
(2) There is one image at a distance of 133.3 cm only. (Incorrect) 


(3) There is one image at a distance of 80 cm and another image that 20 cm away from 
the first image. (Incorrect) 


(4) There are two images that are 53.3 cm away from each other. (Correct) 
Correct answer: (4) 


Solution: 


Let f, and f, respectively be the focal length of the two parts of lens, made from material of u, = 1.5 and 
Lt, = 1.4. Then from Lens Maker’s formula, 


s Je H aq or f, =40cm 
f, 40 40 








and (id 1) l } i or f, =50cm 
f. 40 40 G 


7 


For both the parts of lens, of focal length f, and f,, u=—80 cm. Le v, and v, be the position of the image 
due to two parts of the lenser. Then 


CET or v, =80cm 
v, L-80] 40 


1 1 1 
—-|— |=— or v, =133.3cm 
ad g | 50 : 
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The distance between the two images = (133.3 — 80) cm= 53.3 cm 


Unit-16 : Optics 


Average Lens 


3 
56. A thin convex lens made from crown glass (x = z) has a focal length f. When immersed 


4 
(one by one) in two different liquids, having refractive indices 3 and : ; it has focal length 


f, and f,, respectively. The correct relation, between the three lengths, is 


(A) f,=f,<f (Incorrect) 
(2) f >f; f, becomes negative (Correct) 
(3) f, >f; and f, becomes negative (Incorrect) 
(4) f and f, both become negative (Incorrect) 

(L.1.T Mains 2014) 


Correct answer: (2) 
Solution: 


From lens maker’s formula 














1 1 1 
p E =) 
1 1 

-os (1-5) on (1) 
i cry ee 
f % R, R, 
1 1 

=0.125 (E-t) eE (2) 
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=(-0.1) (E-i) M (3) 


From Eqn. (1) and (2) 


owe = f>f 
fi f 


1 


From Eqn. (3), £, has a negative value. 


Unit-16 : Optics 
Difficult 


Refraction at a Lens 


57. The image ofan object formed by a plano—convex lens, is real at a distance of 8m behind 


the lens and 3 the size of the object. The wave length of (a given mon—chromatic) light; 


inside the lens, is % times its wave length in free space.The radius of curvature of the 


curved surface, of the plano—convex lens, is 


(1) 1m 
(2) 2m 
3) 3m 
(4) 6m 


Correct answer: (3) 
Solution: 


Let fbe the focal length oflens and u the object position. Given 


1 
v=+8 m; m= -(;] 


3 x-1) or u=3v=—24m 
u 3 


1 1 1 
Using lens formula =- =)= weave 
v uj f 
aAa af 
8 |-24] f 
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(Incorrect) 

(Correct) 
(Incorrect) 
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The refractive index, u ofthe lens material, is 


wavelength in air 1 3 
p wavelengthinsidelens (3%) 2 





Let R be the radius of curvature of the curved surface of the lens. From Lens Maker’s formula, 


(eles) 


R=3m 





Unit-16 : Optics 
Difficult Lens 


58. A biconvex lens is formed by joining two thin plano—convex lenses, 
as shown in Fig. 63. Refractive index of the material of the first 
lens, n, = 1.5 and that of the material of the second lens, is 
n, = 1.2. Both curved surfaces have the same radius of curvature, 
14 cm each. For this bi-convex lens, for an object distance of 
40 cm; the image distance will be 





Fig. 63 





(1) -280.0 cm (Incorrect) 
(2) +40.0 cm (Correct) 
(3) +21.5 cm (Incorrect) 
(4) +13.3 cm (Incorrect) 

(LI.T 2012) 


Correct answer: (2) 
Solution: 


Let f, and f, be the focal length ofthe two plano—convex lenses. From lens maker’s formula 


2=(15-1)(5-) A Lal um 
f, 4 o f 28 


1 ı (1 oa 
=(1.2-1 =— cm 
and $ ( JE (+) 70 


2 





Let fbe the focal length of the bi-convex lens i.e the combination of two plano convex lens in contact. Then 
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1 1 1 1 1 


f f, f 28 70 








f =20cm 


Given u =- 40cm, v=? Using the thin lens formula, we get 


Le ee ee 
v |-40} 20 
v=40cm 


Unit—-16 : Optics 
Difficult Lenses 
59. Fig. 64 shows a thin lens for which the radii of curvature of two surfaces are equal. Also 
H, =1.2; BH, =1.5, H, = 1.7. A parallel beam of light, incident in p, , is bright to focus, in 


medium H,, at a distance of 34 cm from the lens. The radius of curvature of the surfaces of 
lens is [L=1.5 


u=1.2 H=l.7 





(1) 10cm Fig. 64 (Correct) 
(2) 12cm (Incorrect) 
(3) 11.33 cm (Incorrect) 
(4) 15cm (Incorrect) 


Correct answer: (2) 
Solution: 


Let c be the magnitude of the radius of each surface of lens. Had there been only one surface; the incident 
parallel beam, after refraction would have met the principal axis at Q,, at a distance b, from this surface. 
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Fig. 65 
Form refraction at first surface of lens we have 
1.5 B _ 15-12 
+b, [|- c 
b=5e a (1) 


For refraction at second surface, Q, acts as a virtual object, forming the real image at F. Therefore, 
u, = +b); v, = +34 cm; R = +e 


From refraction formula; we now get 
1.7 LS- 1:7-15 
34 |b c 


1 3 _2 
20 |2x5c 10c 


c=10cm 








Unit-16 : Optics 


Average Lenses 


60. A lens, having a focal length f, is made of a material of dispersive power œ .A parallel beam 
of white light parallel to the principal axis, is incident on the lens. The violet and red coloured 
rays are brought to focus at distances x and y from the lens. Then 


() x=y (Incorrect) 
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(2) x<y (Incorrect) 

3) y-x=of (Correct) 
o 

O YEr (Incorrect) 


Correct answer: (3) 


Solution: 


Let f, and f, be the focal length of lens, for violet and red colour, respectively. We know uy > Ha 
[Cauchy’s relation]. From lens maker’s formula, we get 


as or fy <f, 
fy fk 
x<y 


Also y-x= laf] = (fk -fy ) . From lens maker’s formula, we have 


Differentiating, we get 


(Jelka) 
eoi] 


ae |df| = of 











Unit-16 : Optics 
Average Lenses 
61. A convex lens is in contact with a concave lens. The magnitude, of the ratio of their focal 
lengths, is ( vA ) . Their equivalent focal length is 30 cm. The individual focal lengths (in 


cm), of the two lenses, are, respectively, 
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(1) -75; 50 (Incorrect) 
(2) -10;15 (Incorrect) 
(3) 75; 50 (Incorrect) 
(4) 10;-15 (Correct) 


Correct answer: (4) 

Solution: 

Let f, and f, be the, respective, focal lengths of the convex and concave lens. Given 
i2 
lf,| 3 


= f 
2 





f, 





1 


The equivalent focal length, F, of combination is +30 cm. Therefore, 





=—- 2 <- f,=+10cm 
f, \3f, 


Hence f, = -Żx10om =-15cm 


Unit-16 : Optics 
Difficult Lenses 


62. A plano convex lens, if silvered on its plane surface, is equivalent to a concave mirror of 
focal length 28 cm. If, however, its curved surface (only) is silvered it is equivalent to a 
concave mirror of focal length 10 cm. The refractive index, of the material of lens, is 


(1) z (Incorrect) 
14 
(2) y (Correct) 
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(3) z (Incorrect) 
(4) = (Incorrect) 


Correct answer: (2) 
Solution: 


Let c be the radius of curvature of curved surface of plano convex lens of focal length f(say), made from 
a material of refractive index u. From lens maker’s formula, we then have 


1 (u-1) 
Poe (1) 





The focal length, F, of the equivalent mirror, when one of the two surfaces of the lens is silvered is 
1 2 1 
ETETE o (2) 


Here f is the focal length ofthe mirror formed due to silvered surface oflens. When the plane surface of 
the plano convex lens is silvered, f = œ and F = 28 cm given. Therefore 





1 _2(e-1) 1 

28 c 20 

1 2(u-1) 
et (3) 


When the curved surface of lens is silvered f,, = . and F = 10 cm (given). Therefore, 





From Eqns. (3) and (4), we have 





LPi g 2218 : 
10 (28) © e 280 0T (5) 


From Eqns. (3) and (5), we have 
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28 280 
or Wici 
18 j 

_28_14 
18 9 
Difficult 
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Unit-16 : Optics 


Lenses 


63. The refractive indices of material of an equi—concave lens, of radius of curvature c, for 


wave lengths à, and À, are n, and n,, respectively. The corresponding refractive indices 


of an equi—concave lens, having radius of curvature, d, are m, and m,. The two lens are 
placed co—axially in contact with each other. A parallel beam, containing light of wave lengths 


i, and À, is incident on the combination. It is observed that both the wave lengths are 


brought to focus at the same point on the principle axis. We have 


p nre 

(1) m -m, d 

(2) n _etd 
m, 2d 
mit 

© ana 

(4) n,-n, _c-d 


Correct answer: (1) 


Solution: 


(Correct) 


(Incorrect) 


(Incorrect) 


(Incorrect) 


Let nand m be the mean values of the refractive indices of the materials of the convex and concave lenses; 
Let f, and f, the values of their mean focal lengths. From lens maker’s formula: 


1 c c 


=(=) or 
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Similarly 





rm] stm e 


Let œ and œ, be the dispersive powers of the materials of the convex and concave lenses. Then 


(n,-n,) (m, —m, ) 


AS Get! Gad) 





For the combination, the given condition is the condition for no net dispersion. It is satisfied, if 





(n-1) c (m-1) d 
no-n, c 
a m,-m, d 
Unit-16 : Optics 
Average Refraction 
64. A convex lens is placed above an empty tank of depth 45 cm. The lens forms an image of a 


point, on the bottom of the tank 36 cm above the lens. A transparent liquid is now poured 
into tank upto a depth of 40 cm. The distance of the image of the same point, is now 12 cm 
above its earlier position. The refractive index, of the liquid is 


(1) 1.30 (Incorrect) 
(2) 1.36 (Correct) 
(3) 1.40 (Incorrect) 
(4) 1.414 (Incorrect) 


Correct answer: (2) 
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Solution: 


45 cm 





Fig. 66 


From Fig. 66 (a); u, =— 45 cm, v, = + 36 cm, f=? 
J 1t ee or f= 20 cm 
36 [45] f 
In Fig. 65 (b) liquid has been poured into the tank. Due to refraction, inside the liquid, P appears to have 
shifted to portion P.. For refraction from lens now, we have 
u, =—a, v, = + 48 cm; f=20cm 
1 | 1 | 1 240 
—-|—|=— or a = — cm 
48 |-a] 20 7 


Realdepth — 45 
Apparentdepth a 





u =refractive index of liquid = 


_ 45x7 1.36 
240 





Unit-16 : Optics 
Difficult Lens 
65. The aperture, of a given plano convex lens, is 6 cm and its thickness, at the center, is3 mm. 


If speed of light, in the material of lens, is 2x10* m/s, the focal length of the lens, is 
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(1) 10cm (Incorrect) 
(2) 15cm (Incorrect) 
(3) 20cm (Incorrect) 
(4) 30cm (Correct) 


Correct answer: (4) 
Solution: 
Fig. 67 shows the plano convex lens AO BOA. Given 
AB =2 O0B=6cm 
OB =3cm 
Also, OO, = 3 mm = 0.3 cm 


Let BC (=R) be the radius of curvature of the curved surface oflens. From right angled triangle OBC, we 
have 


R? = (3) + (R-0.3)” 
R=15cm 


u = The refractive index of the material of lens 


U 


v 2x108 





The focal lenth, fofthe lens is given by 


ALm È (4) 


“~ f=30cm 








Unit—16 : Optics 
Difficult Lens 


66. A tank is filled with water (n a 44) up to 18 cm. An oil (n = |), spread on the surface of 


water, forms a convex surface of radius 6 cm. Consider the oil as a thin lens. An object, S, 
is placed 24 cm above the surface of water. The distance of the image formed, from the 


836 


bottom of the tank, is 
(1) 16cm 

(2) 2cm 

(3) 12cm 

(4) 4cm 


Correct answer: (2) 


Solution: 


Let fbe focal length of the oil lens. Here 


u, = refractive index of object space = 1.00 
u, = refractive index of image space = A 


u, = refractive index of the material of Ines = vA 


For the plano—convex oillens, we then have 


H; 


G) 











f 


Also u=— 24 cm, v=? Using the refraction formula, ( y 


|i j_3. 
-24| 24’ 


We have 


6) 


v 


(+6) oe) 





v=l6cm 
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(Incorrect) 

(Correct) 
(Incorrect) 
(Incorrect) 
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The distance of image (R) formed from the oil lens, is 16 cm. Hence its distance, from the botom of the 


tank = (18-16) cm=2 cm 


Unit-16 : Optics 
Average 


67. An equiconvex lens is made of a material of refractive index H; . 
The power of lens is P,. A plano—concave lens is put in contact u 
with this convex lens, co—axially, as shown in Fig. 69. If the power 


P 
of combination is P, the ratio, —, is: 


a) 


(2) 


(4) 





| 

Ecos 

és aed 
| 


Correct answer: (2) 
Solution: 
Let (in meter) c be the radius of curvature of each surface of the equi-convex lens. Then 


fe Shy n(i+)-4 i (1) 


f, c c c 





The power, P., ofthe plano—concave lens, is 


2 


Paris fennel [e= p 2) 








838 


Lenses 


Fig. 69 


(Incorrect) 


(Correct) 


(Incorrect) 


(Incorrect) 


UDAON 


A program to give wings to girl students 


The power, P, of the combination is 


P=P_ +P, = Ae (==) 








c c 
= (2p THT 1) 
ee E (3) 
P _ [(2p, -u,)-1] 
P, [2(u, -1)] 
Unit-16 : Optics 
Average Lens 


68. An equiconvex lens, of focal length 20 cm, is made of glass ( u= 1.5) . The lens is placed so 


that its one surface is in contact with air and its other, with a transparent medium, of refractive 
index 1.3. A parallel beam is incident on the lens from the air side. The emergent beam, 
would then meets the principle axis, at a distance x from lens, where x is 


G) 14.3 cm (Incorrect) 
(2) 18.6cm (Correct) 
(3) 20.0 cm (Incorrect) 
(4) 30.0cm (Incorrect) 


Correct answer: (2) 
Solution: 


Let c be the radius of curvature of each surface of the 
lens. From lens maker’s formula, we have 


ats- 


c=20cm 








Fig. 70 shows lens placed with its second surface in 


contact with the medium of refractive index, u, =1.3. 
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Consider the refraction at the first surface of the lens. 





Here H, 1.0, H, 1.5, u 0, Vy ? 


S(t) 
v, \-0 10 


v, =30cm 





Had there been only this refracting surface, the refracted raywould have meet the principal axis at P. For 
the second surface of the lens, P acts as a virtual object; which forms the final image at F. Now 


Hs _| H |_ Hs 7 He 
v \u, R, 





Here u, =1.3, u, =1.5, v, = +30cm, v, =+x, R, =—20cm 





13 (Es 
x (30) (-10) 


x =18.6cm 


Unit-16 : Optics 


Difficult 


Thin Lenses 


69. A planoconvex lens is made of a material of refractive index n. When a small object is 
placed 30 cm away, in front of the curved surface of the lens, an image, of double its size, is 
produced. Due to reflection from the convex surface of the lens, another faint image is 
observed at a distance of 10 cm from the lens. The refractive index, n, and the focal length 


f of lens are 

(1) n=2.5;f=20cm 
(2) n=2.0; f=20cm 
(3) n=2.5;f=10cm 
(4) n=1.5;f=20cm 


Correct answer: (1) 
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Solution: 


For image, due to refraction by the convex lens, we have 


u=-30cm; m=-2=% 
u 


v=+60cm 


Vv u 


3a) 
60 \-30) f 


f=+20em ee (1) 


1 1 1 
Using the lens formula — — (=) = F we have 


Let R be the radius, of curvature of the curved suface ofthe lens. From lens—maker’s formula; 


0-4) we (2) 


The faint image formed is due to reflection from the curved surface of the lens. We now have to use the 
‘mirror formula’. Here 


u'=-30cm, v'=+1l0cm 


1 1 2 
} = < R=30 
10 (=) Rotts (3) 





From Eqns. (2) and (3), we have 


ae ees = n=2.5 
20 30 
Unit-16 : Optics 
Difficult Lenses 
70. A plano convex lens is placed on a plane mirror as shown 
in Fig. 71. For a pin, placed at a distance x, there is no a ees 
parallax between the pin and its image formed by the 


system. The space between the plane mirror, and the Fig. 71 
curved surface of lens is now filled with a transparent 
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liquid, forming a liquid lens. The pin has to be raised through a distance y so that again 
there is no parallax between the pin and its image formed by the (new) system. The focal 
length of the plano—conves lens, and the liquid lens, are, respectively, 





Qa) x- =] (Incorrect) 
Q) r £) (Incorrect) 
6) (x-y)s - | x : y ) (Incorrect) 
4) x [e (Correct) 


Correct answer: (4) 
Solution: 


Fig. 72 shows the ray diagram for no parallx between the image and the object pin. The rays, after 
refraction from the lens, must fall normally on the plane mirror so that theyretrace their path. The object pin 
is therefore, at focus, F, ofthe plano—convex lens. Hence 


f=x 


Similarly, for the combination of plano—convex lens and liquid lens, of focal length f, (say), the focal length 
of the combination, F = x+y. Now 


1 1 
E + E therefore 


=|= 
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Unit—16 : Optics 


Difficult 


Lenses 


71. Two identical equiconvex lens L, and L,, made of a material of refractive index H, = 1.5 
and having a focal length, f, each, are placed in contact, co—axially, as shown in Fig. 73 (a). 
The space between the two lenses, is sealed at the two ends, after being filled with a 


transparent liquid of referactive index, H, = 1.8, as shown in Fig. 73 (b). The change, in the 


equivalent focal length, of the arrangment, is 


L, L, 
(a) 
(1) +f Fig. 73 
D -1.5f 
G) +2.0f 
4) -2.0f 


Correct answer: (3) 


Solution: 





(Incorrect) 
(Incorrect) 

(Correct) 
(Incorrect) 


The focal length, ofeach lens, in terms ofthe equal radii of curvature, c, of its two surfaces, is 


~=(1.5-1) (4+) or fse  . (1) 


c c 


The equivalent focal length, F, ofthe combination shown in Fig. 72 (a), is 


843 


UDOON 


A program to give wings to girl students 


The arrangment, shown in Fig. 72 (b), is a combination of three thin lenses. The additional lens is an 
equiconcave liquid lens. Let f, be the focal length of liquid lens. Then 


The equivalent focal length, F, ofthe arrangment shown in Fig. (b), is 


1 1 1 1 La -48) 
E fi b f coc c 











i F,=2.5c=2.5f 
The change in focal length = F -F = 2.5 f- 0.5 f 
=+2.0f 


Unit-16 : Optics 
Difficult Lens 


72. Two thin lenses, of focal length, f,, and, f,, are made of materials of dispersive powers, ©, 


and ©,, respectively. A beam of white light, parallel to their common principal axis, is 


incident on the combination. If the violet and red coloured rays meet at same point on the 
principal axis, we must have 


(1) of, +o,f, =0 (Incorrect) 

(2) o,f, ~ o,f, =0 (Incorrect) 
oO, o 

(3) E - = =0 (Incorrect) 
1 2 

(4) - + a =0 (Correct) 
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Correct answer: (4) 
Solution: 


The equivalent focal length, F, ofthe combination, is 


+ 


wie 
A 
= 
— 


1 1 
F f 
Since violet and red rays after refraction, meet at the same point on the principal axis, |dF| =F —F, = 0 


Differentiating Eqn. (1), we have 


F f. f 
EE 
F, f fi 


Also (df,) = @,f, and (df, ) = ,f,. Therefore, we must have 


© + Oy =0 
f, f, 
Unit-16 : Optics 
Difficult Lenses 


73. A thin convex lensof focal length 20 cm isplaced co-axially at a distance, x, from a concave 
lens of focal length 40 cm. The combination assumed to behave like a thin lens, forms a 
real image, of same size as the object when an object is placed at a distance of 60 cm from 
it. The distance x is 


(1) 5.0cm (Incorrect) 
(2) 6.67 cm (Correct) 
(3) 7.5cm (Incorrect) 
(4 10cm (Incorrect) 


Correct answer: (2) 
Solution: 


Let f, and f, be the focal lengths ofthe two lenses, placed co—axially, a distance x apart. The combination 
behaves like a lens of focal length F, where 
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Given f, = + 20 cm; f, =— 40 cm 








1 1 i 1 ); x 
F 20 \40) 20x40 
l x i 
40 20x40 (1) 





For the equivalent thin lens; u =— 60 cm, v = + 60cm, f= F 
1 1 1 
+ 


1 
60 60 F 30 


1 
fe) — = 
r F 39O (2) 
From Eqn. (1) and (2), we have 


Pee 
40 20x40 30 





x= cm = 6.67cm 


Unit—16 : Optics 


Difficult 


Lenses 


74. A point object, P, is placed at a distance of 20 cm from a thin plano—convex lens of (original) 
focal length 15 cm, whose plane surface has been silvered. The image, formed by the 


system, is at 


Fig. 74 


k— 20 cm = 
(1) 60cm to left of the system 
(2) 60cm to right of the system 
(3) 12cm to the left of the system 
(4) 12 cm to the right of the system 
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Correct answer: (3) 
Solution: 


Let fbe focal length of plano—convex lens, and f the focal length of the mirror, formed due to silvering of 
the plane surface of the lens. The equivalent focal length, F, ofthe system is given by 


Given f= 15 cm; f = œ% ; therefore 


Daeg or |F| = 7.5em 
|F| 15 œ 


For the equivalent system, 


u =—20 cm; F = -7.5 cm, v=? 


Gt 


or v=-12cm 


The —ve sign indicates that the image is real, i.e. to the left ofthe system. 


Unit-16 : Optics 
Difficult Lenses 
75. 





Fig. 75 


L, is a convex lens of focal length 3f and L, is a concave lens of focal length f. The two are 
placed a distance 2f apart. The principle axis of two lens are parallel, but a distance h 
apart, as shown in Fig. 75. A parallel beam is incident on L,. The emergent beam, after 
refraction at both L, and L,, is 
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(1) 
(2) 


(3) 


(4) 


A parallel beam parallel to axis of L, and L, (Incorrect) 
A parallel beam, making an angle of tan’ (%) , in the anticlockwise direction, with the 


principal axis (Correct) 
A parallel beam, making an angle of tan’ (%) , in the clockwise direction, with the 
principle axis (Incorrect) 


A divergent beam (Incorrect) 


Correct answer: (2) 


Solution: 


Fig. 76 shows the ray diagram. The incident parallel beam, after refraction at L, would have meet its 


principle axis at point P. The point, P, acts as a virtual object for the concave lens, L 


and is lying off the 


‘9? 


axis of L, in its focal plane. The emergent beam is, therefore, a parallel beam, inclined to the principle axis 


of L,, at an angle 0 . From right angled triangle O,PF,; 





Focal Plane of L, 


— 3f ————_ 





tan 0 = BP s Fig. 76 
oF, f 
0=tan '(%) 
Unit—16 : Optics 
Average Use of Lenses 


76. A lens, of power P, forms a virtual image of an object, (kept at a distance of 25 cm) at a 
distance of 40 cm from it. The same lens forms a virtual image, of another object (kept at a 
distance z) at a distance of 250 cm from the lens. 


The values of P and z are, respectively, 
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(1) 1.5 D and 250 cm (Incorrect) 
(2) 0.5D and 53 cm (Incorrect) 
(3) 1.5D and 53 cm (Correct) 
(4) 1.5D and 40 cm (Incorrect) 


Correct answer: (3) 
Solution: 


We have here u =—25 cm and v =— 40 cm. Hence, 


1 1) 1 _ 3 
f 40) 25 200 











1 3 
The power, P, of the lens used is F (£ in meter) = x D=1.5D 


We also have; v=— 250 cm for u=— z cm. Hence, 


t£ (2 z3 
-250) \z) 200 
Solving we obtain 


z=—53cm 


Hence option (3) is the correct option. 


Unit-16 : Optics 
Difficult Lenses 
77. A convex lens of focal length 15 cm, has 
a point object P placed at a distance of 


25 cm on its principle axis, X'OX. The 
lens is rotated about point O through an 





angle 0 = 2.90" as shown in Fig, 77 which 
of the following statements is correct for 
the image formed by the lens in its rotated 
position? 





k— 25 cm ——1 
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(1) Point image, at a distance 37.5 cmon XOX, (Incorrect) 
(2) Point image, at a distance 37.5 cm on X'OX (Incorrect) 
(3) Point image, at a distance 37.5 cmon X|OX,, at a perpendicular distance of 1.5 cm, 


above XOX, (Incorrect) 


(4) Point image, at a distance 37.5 cm below X/OX,, at a perpendicular distance of 
1.5 cm (Correct) 


Correct answer: (4) 


Solution: 


For rotated position L' oflens X{OX; is the principal axis. Point object, P on XOX’ , appears as an 
object oflengthP'P for lens L'. The object distance OP' = OPcos 0 . Given OP = 25 cm; 0 =2.29° 


OP'= OP = 25cm [For small angles, cos 0 ~ 1] 


Also, PP'=OPsin0 = OP x0 


=25| = |x2.29cm = lem 
180 





.. For the lens, in position L', we have 





u=—25 cm, v= ? f= +15 cm 


a ee 
v (25) 15 


“~ v=37.5 cm 





Let mbe the magnification. Then 


n--(*] --(%) =-1.5 
u 25 
Negative sign, indicates image is inverted with respect to PP’, i.e., image formed is below X1 OX,. 


Also length ofimage = |m|x PP' 


=1.5xlem=1.5cm 
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Average Lenses 


78. Which of the following spherical lens does not exhibit a net dispersion? The radii of 
curvature of lens surface are as given in the Fig. 78 


í) (Incorrect) 


(2) | (Incorrect) 
(3) (Correct) 
[( 


(4) (Incorrect) 


Correct answer: (3) 
Solution: 


For case (3), the radii of curvature, of the two lens surfaces, have the same magnitude and same sign. The 
focal length, f, of this arrangement is therefore, infinity. The arrangement behaves like a parallel slab and 
there is no dispersion as white light passes through it. 


For all the other arrangments, fis finite; also the value of fwill be different for different colours due to 
variation of with 1 . All these arrangements will therefore, cause a dispersion of the white light incident 
on them. 


Unit—16 : Optics 
Difficult Lenses 


79. The size of the image ofan object; (which is at infinity) as formed by a convex lens, of focal 
length 30 cm, is 2 cm. If a concave lens, of focal length 20 cm, is placed between the convex 
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lens and the image, at a distance of 26 cm from the convex lens, the new size of the image 


would be 

(1) = 1.05cm (Incorrect) 
(2) 1.25cm (Incorrect) 
(3) 2.0cm (Incorrect) 
(4) 2.5cm (Correct) 


(L.1.T 2003) 


Correct answer: (4) 


Solution: 





k&— 26 cm —— 4 cm e— 
k—_ 30 cm ————1 


(a) Fig. 79 (b) 


Fig. 79 (a) shows the image P Q, being formed due to the convex lens alone. The image is formed in the 
focal plane of L,. Fig. 79 (b) shows the concave lens, L,, placed between L, and image P Q,. For the 
concave, P Q,, acts as a virtual object. For concave lens 


u=+4cm; f=— 20cm, v=? 


From refraction formula 


v=5cm 


: z v 5 
m= magnification due to concave lens = — = a =1.25 
u 


.. The size of final image = |m|xP Q, 


= 1.25x2 cm=2.5 cm 
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Unit-16 : Optics 


Telescape 


80. An observer looks at a distant tree of height 10 cm, with a telescope of magnifying power 
20. To the observer the tree would appears. 


(1) 
(2) 
(3) 
(4) 


10 times taller 
10 times nearer 
20 time taller 


20 time nearer 


Correct answer: (4) 


Solution: 


(Incorrect) 
(Incorrect) 
(Incorrect) 
(Correct) 

(1.1.T Mains 2016) 


The magnitying power ofa telescope, is the ratio of the angular size of image to the angular size of object. 
For M.P = 20; the angular size of image is 20 times that of object. This will be so ifthe image formed is 20 
times nearer than the object. 


Average 


Unit-16 : Optics 
Huygen’s Principle 


81. In Fig. 80, ab, cd and ef represent the wave—fronts of incident rays that are incident on the 
device XY. a’b’, c’d’, e’f’ represent the corresponding wave fronts for the rays refracted 
by ‘XY’. The device is a 


(1) 
(2) 
(3) 
(4) 


convex lens 
concave lens 
plane glass—slab 


prism 


Y 
e a’ 
co e 
af 
f b 
Y 
Fig. 80 (Correct) 
(Incorrect) 
(Incorrect) 
(Incorrect) 
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Correct answer: (1) 
Solution: 


The incident wave fronts are plane and parallel to one another. The incident beam is, therefore, a parallel 
ray beam. The refracted wave fronts are spherical. The refracted beam is first a convergent beam and is 
then seen as divergent. This is because for XY, a convex lens, the refracted rays first converge towards the 
focus and then diverge away. 


Unit-16 : Optics 
Average Huygen’s Principle 


82. Fig.81 shows a plane boundary xx', seperating two media. LM is the incident wave front 
in medium 1 and NO istherefracted wavefront in medium 2. If V, and V, are the speeds of 


V 
light, in medium 1 and medium 2, respectively the ratio A is 
2 


B 





medium 1 







medium 2' 





D 
(0; 

x AA 

ad — (Incorrect) 
x Fig. 81 
yı 

(2) y (Incorrect) 
y 

3) > (Correct) 
yı 

(4) D (Incorrect) 
XY, 
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Correct answer: (3) 
Solution: 


The incident and the refracted wave fronts, 
LM, and PQ, are plane, wave front. Hence 
the incident rays and the refracted rays are 
parallel beam, as shown in the Fig. 82. Let 
Ht, and U, be the refractive indices, of 


medium 1 and medium 2, respectively. From 
Snell’s law 


u sini =p, sinr 


m sinr YY y 
m sni X% y 








Ace o V-X 
K y V y Fig. 82 
Unit-16 : Optics 
Difficult Interference 


1 
83. In Young’s double slit experiment intensity at a point is (3) of the maximum intensity. The 


angular position, of this point, is: 


ŒA sin" (7/) (Incorrect) 
(2) sin” (a) (Incorrect) 
(3) sin” (Ha) (Correct) 
(4) sin” (/a) (Incorrect) 


Correct answer: (3) 


Solution: 


In Fig. 83, P is the point where intensity = I = k (I, maximum intensity). Let 5 be the phase difference, 
4 
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between the two disturbances, at P. Then 


I 





I=) =I, cos’ (%) | 
00s (%4) =+ or 2.7 i 
= = Fig. 83 
Let A be the path difference between the two disturbances, at P. We know 6 = = (A) ; 
Barack 


Fromright angled triangle S S,S 


23? 


A=S,S, = dsin0=* 


0=sin! a 
3d 


Unit-16 : Optics 


Difficult Interference 
P 


84. A point source S, emits light of 2 = 600 nm. It is placed a small °°" ; | 
distance h above a plane minor, AB, as shown in Fig. 84. The intensity i 
of reflected light is 36% of the incident light. Interference fringes i 
are observed on a screen placed parallel to AB, a large distance D 
away from it as shown in Fig. 84. The point P, on the screen, 


corresponds to a maximum. The minimum distance, through which p 
AB be moved, so that intensity at, P, is again maximum, is i 





Fig. 84 


(1) 150nm (Incorrect) 
(2) 300nm (Correct) 
(3) 450nm (Incorrect) 
(4) 600nm (Incorrect) 
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Correct answer: (2) 
Solution: 


Interference occurs at P between the direct waves and the reflected waves. p 


We can imagine reflected waves as coming froma virtual save S', where Screen 


S' is the image of S due to reflection in the mirror. The path difference, 


A), of the waves, at P, is 






Direct 
A, =S'P-SP = 2h wave >B % ._ Reflected 
wave 
Since P is the position ofa maximum, we have T 
FA B 
À h 
2h =(2n-1)— 
(22-1) F S 

(Note that there is a phase change of n in reflected wave from AB). Fig. 85 


Let x in be minimum distance through which AB is moved, upwards or downwards, so that P is again a 
maxima. This will so if 


2X nin min 


=À or x =Ż=300nm 


Unit-16 : Optics 
Difficult Interference 


85. In Young’s double slit experiment, instead of taking slits of equal width; one slit is made 
twice is wide as the other. Then; in the interference pattern, 


(1) The intensities of both the maxima and the minima increases (Correct) 


(2) The intensity of the maxima increases and the minmum has zero intensity 
(Incorrect) 


(3) The intensity of the maxima decreases and that of the minima increases (Incorrect) 


(4) The intensity of maxima decreases and the minima has zero intensity (Incorrect) 
Correct answer: (1) 
Solution: 
When both slit have same width, intensities of S, and S, are equal, say I,. Then 


Tix 7 41, and I, O 


max 
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When width ofone slit, say S,, increases its intensity I’, is more than I,. Let I, = nI, (n > 1) 


Now 


Ine [+] 

=1,[1+/n] >41, 
and Tn =[ Yh ~ | 

=1,[ya-1] >0 


Hence intensities at both the maxima and the minima, become more than their earlier values. 


Unit-16 : Optics 
Average Interference 


86. Inthe Young’s double slit experimental set up, shown in Fig. 86 here, S S, = d =m) where 


à is wavelength of incident light. The intensity, at the maximum in the interference pattern, 
observed on screen, equal I . The intensity, at the centeral point, O, is 


Screen 





q@ L (Incorrect) 
Fig, 86 

(2) Lcos? =| (Correct) 

(3) Lcos? EJ (Incorrect) 
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4) I, sin? EJ (Incorrect) 
Correct answer: (2) 


Solution: 


There is an initial path difference A, , between S, and S,. We have 


A, =dsini=mAsin30° Jk 





The disturbances, from S, and S,, arrive at, O, with a phase difference, § = FTA) = 
Hence, the intensity, at O, is 
I =I, cos? (3) =I, cos” | 
2 4 
Unit-16 : Optics 
Difficult Interference 


87. Ina Young’s double slit experimental set up; the wave length of incident light is à. The 
distance between the two interferring sources S S, =d The distance, of the screen, from the 
interferring sources, is D. The minimum distance from the central fringe, of the point on 
the screen, where the intensity is half due to either sources, is 


(1) æ cos” Ga (Incorrect) 
(2) AD ia’ Ga (Incorrect) 
d 22 
2D af 1 
(3) nd cos ea (Correct) 
(4) oe 5) (Incorrect) 
2nd V2 
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Correct answer: (3) 
Solution: 


Let I, be the intensity ofeach ofthe sources S, and S,. We know that I „= 4I, For the given point, P we 


want Į = ʻi . We also know that 


I=I,,,, cos’ (8) 


~~ “max 


where § |- a(x) is the phase difference, between the two interferring rays, at P. Let y be the 
à (D 


distance of P from central point, O. We then have 


— 


= = 41, cos’ (5) 





Unit-16 : Optics 
Easy Diffraction 


88. A single slit is illuminated with a parallel beam of light of wavelength 2 = 600 nm. The 
angular width of the diffraction pattern, is measured. When the wavelength of the incident 
light is changed to 1', the width of the central maximum decreases by 30%. The difference 


AL =(24—1'), is 

(1) 1500A (Incorrect) 
(2) 1800A (Correct) 
(3) 2000A (Incorrect) 
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(4) 2500A (Incorrect) 
Correct answer: (2) 
Solution: 
The angular width, = 20 ofthe centeral maximum, ina single slit diffraction pattern, is 

@=20= a 


Let œ" be the angular width of the central maximum when the wavelength of incident light is 7,'. Given 


a0 To A 
d 


207 or A'=0.7x600 =420 nm 





AN =A -A =(600-420)nm =180nm 


= 1800 A 


Unit-16 : Optics 
Difficult Interference 


89. A coherent beam of microwaves, of wavelength 2 (= 0.5 mm), falls on a Young’s double slit 
arrangement. The separation, between slits, is 1 mm and the screen is at a distance of 1m. 
The total number of minima; observed on the screen, equals 


a) 1 (Incorrect) 
(2) 2 (Incorrect) 
3) 3 (Incorrect) 
(4) 4 (Correct) 


Correct answer: (4) 


Solution: 


Fig. 87 
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Fig. 87 shows the experiemntal set up. For any point, P, on the screen, along the direction 9 ; the path 
difference A, between the two interferring beams, is 


A=S,P-S,P =S,S;, =dsin 0 
For minima, we have 


_2dsin@ 2xlsinð _ 
xr 0.5 





A =dsin 0=(2n nŠ: 2n-1 Asin 0 
We know that the maximum value of sin 0 =1. Hence n can be either +1 or +2. Hence, there are two 


minima, observed above O, and two below O. Hence the total number of minima, observed, on the 
screen, is four. 


Unit-16 : Optics 


Average Interference 


90. Ina Young’s double slit experiment, using monochromatic light of wavelength 4 , the path 


difference (in terms of integer n), corresponding to a point, having half the peak intensity, 
is 


(1) (2n+1) = (Incorrect) 
2) (2n+1) = (Incorrect) 
6) (2n+1) = (Correct) 
(4) (2n+t) + (Incorrect) 


(LI.T Adv. 2013) 
Correct answer: (2) 
Solution: 


The intensity, I, at a point where two waves arrive witha phase difference Ad is 


I= I, cos? B 
2 


where I, is the peak (or maximum) value of intensity. Also, 
2m 


Ag=—-(4) 
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Here A is the path difference, at the point considered. Given 


Average 


Unit-16 : Optics 


91. A monochromatic beam, of intensity I,, is incident on a parallel 
film. BR and BR, are the two parallel rays produced due to 
reflection and refraction, at the two susfaces of the film. If the 
reflection and transmission coefficient are r and t, the ratio. 


min 


Bi. 
(=), in the interference pattern, produced due to 


interference between BR and B_R., would be 





ltr a 
1 SA 
(69) (= 
1+t\ 
2 Zo 
(2) Ge 
ltr . 
a Ei 
1+t) 
(4) (= 


Correct answer: (2) 


1? 
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Interference 





Fig.88 (Incorrect) 


(Correct) 


(Incorrect) 


(Incorrect) 
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Solution: 


Using the definition of reflection and transmission coefficents, the 
intensity I,, of BR, and L, of B,R,, are as shown in Fig. 89. Now 


rr 
1_f % Í _ (lr) 
L la) (Irt?) 











2 2 ‘ 
Inx _ { +a, =(=) 
Linin a, =a, 1 -t Fig. 89 
Unit-16 : Optics 


Difficult Interference 


92. In a Young’s double experiment, bi-chromatic light, having wavelengths 400 nm and 
560 nm in it, is being used. The distance, between the plane of the slits and the screen, is 
1m. The minimum distance, between two successive regions of complete darkness, is 


(1) 4.0mm (Incorrect) 
(2) 5.6mm (Incorrect) 
(3) 14mm (Correct) 
(4) 28mm (Incorrect) 

(LI.T 2004) 


Correct answer: (3) 


Solution: 


Complete darkness is observed at a point where we have dark fringes due to both the wavelentghs à, and 


,- Let the m" dark fringe, of à, coincide with n" dark fringe, of A, at any such point. Then, we must 
have 


un 
2 





dy 
(2m-1) 5 =(2n-1) = 
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2m-1 à, 560 14 7 
or a= a, (1) 
2n-1 A 400 10 5 





The minimum values, ofm and n, satisfying Eqn (1) are: 
m= 4 andn=3 
The position co-ordinate, y,, of this point, is 


Al D (2x4=-1)x4x107 x1 
7 -| (2m nz d -| ae a 





=14x107 m=14mm 
The next set of values, ofm and n, satisfying Enq. (1), are 
m=11,n=8 


The position co-ordinate, y,, of this point, is 


m=28 mm 





_ (2x11-1)x4x107 x1 
a 2x107 


Therefore, the minimum distance, between two consecutive positions of complete darkness on the screen 
is = (28-14) mm = 14 mm 


Unit-16 : Optics 
Difficult Interference 


93. A light source, which emits two wave length à, =400 nm; à, =600 nm, is used in a Young’s 
double slit experiment. Let B, and B, be the fringe widths, for the wave lengths 2, and 1,, 
respectively at a point, distant, y, from the central fringe. The number of fringes, observed 


for à, and 2,, are m, and m,; respectively. Which of the following statements is incorrect? 


a) B>B (Correct) 
2) m >m, (Correct) 
(3) Third maximum of À, overlaps the fifth minimum of 1, (Correct) 
(4) Angular seperation of fringes of à, is greater than that for 1, (Incorrect) 
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Correct answer: (4) 
Solution: 


(a) The fringe width; 


AD A, D 
B= F > B, = F 








Since 2, <A,; B, <B,. Statement (1), is therefore, a correct statement. 


(b) m,=number of fringes of à, observed = 7 
1 


m, = number of fringes of à, observed = A 
2 


Since B, < B, ; m, > m,. Hence statement (2) is also correct statement. 





(c) The distance, of3 maximum of À, , fromthe centeral fringe = 3B, = eta ( a Jam 


d d 








92,D 1800D 
nm 


1 
The distance of 5" minimum A, offrom the centeral fringe = (2 x5 7 ) B, 2d q 


Have statement (3) is also a correct statement. 


A 
(d) Angular width offringe = T Since 2, < À, , angular width of fringes of 1, is less than for À, . Hence 


statements (4) is the (required) incorrect statement. 


Unit—16 : Optics 
Difficult Interference 
94. Ina Young’s double slit experiment, light of wave length } is used. A thin film of refractive 
index, ,, and having a thickness t, (= 2) is introduced in the path of light coming out of 


one of the slits, S,. Another thin film, of refractive index, 1, and thickness t, (- +) „is 


placed in the path of light coming out of the other slit, S,. The intensity at the central point, 


then becomes 25% of its earlier value. The relation, between H, and H,, is 
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a) eS oh (Incorrect) 
(2) m= 2+1) (Correct) 
6) m= a (Incorrect) 
4) whe (Au + 1) (Incorrect) 


Correct answer: (2) 


Solution: 
The additional path differences, A, and A, , in the path ofthe two interferring beams, are 
A= (p -1)t, = (p -1)a 


3X 
2 





A, = (u, 1)t, = (u, 1) 
Let p be the phase difference, between the two interferring beams, at the central point. We have 


20 
pam (AA) ee (1) 


Since J = i , we have 


lo ge Lagg 
g Teos (0)=>3 cos’ (>) 
T 
UEA a (2) 


From Eqns. (1) and (2) we get 








EAE) (uy, -1a (ua 1) 
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3u,\ 1 
or = H 
6 (e 2 ) | 
x 2 ( u+ 1) 
? 3 
Unit-16 : Optics 
Difficult Interference 
95. Ina Young’s double slit experiment, the seperation between the two slits is d and the wave 


length of light used in 2 . The intensity of light from slit 1 is four times the intensity from S,. 
Which of the following statements is correct? 


(1) For d=, no fringe is observed on the screen (Incorrect) 


(2) For à<d<2d, the total number of fringes, observed on the screen, is three 
(Correct) 


(3) Ifintensity of light, from S,, is made equals to the intensity from S,; the intensities of 
the observed dark and bright fringes, would increases (Incorrect) 


(4) Ifintensity oflight, from S, is increases so that if becomes equal to the intensity from 
S,, the intensities of the observed bright and dark fringes, would increase 
(Incorrect) 


Correct answer: (2) 


Solution: 

(i) | For d =; only the centeral maximum would be observed on screen. Hence statement (1) is incorrect. 

(ii) For A4<d<2A; there would be three fringes observed on the screen. These are the centeral 
maximum, and one dark fringe (corresponding to path difference A = +A ), on either side of the 
central maximum. Hence statement (2) is a correct statement. 

(it) When I, and L, become equal; the intensity, at the position of dark fringes, is zero; whereas it was 


finite when I, # I, . The intensity of dark fringes therefore, decreases (when I, = L), from what it 


was when I, I, . Hence statement (3) and (4) are both incorrect statements. 
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Unit—16 : Optics 
Difficult Interference 


96. In Fig. 90, CP represents a wave front and AO and BP are two rays corresponding to this 
wave front. The condition, for constructive interference, at P, between ray BP and ray OP, 
is 

(Reflecting 
surface) 





Cé I 
i d 
0} 
A ip 
k Fig. 90 
31 
(1) cosð®= aa (Incorrect) 
(2) cos0= k. (Correct) 
4d 
A 
(3) (secO-cos0) = a (Incorrect) 
41 
(4) (sec0-cos0) = = (Incorrect) 


(L.1.T 2003) 
Correct answer: (2) 
Solution: 


From right angled triangle OPR, 
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PR seoah or OP=dsec9 (1) 
OP 


From right angled triangle COP; 


CO eos 20 or CO = OP cos 20 
OP 


CO=(dsecO)(cos20) ae (2) 


Let A be the path difference, at P, between the two rays. Obviously 
A=CO+OP 


= d[sec Ocos 20 +sec] 


There is an additional path difference, É between the two rays due to reflection at the boundary of a 


denser medium. For constructive interference, at P, we, therefore, have 


[a+4}=na (120,12; 3year ) 


or A=(2n-1)> 


Taking n=1, we get 





dsec 6[1+ cos 26] = 
d À 
5 [1+(2cos” 9-1)| =F 


or 2dcos0=4 
2 


cos 0 23 
4d 
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Unit-16 : Optics 
Difficult Interference 
97. A glass plate, of refractive index 1.5, is coated with a 


thin layer of thickness t and refractive index p, =1.8. 


Light, of wave length }, travelling in air is incident 
(nearly) normally an the layer. It is partly reflected at 
its upper and lower ends and the two reflected rays 
interfere. If à = 648 nm, the minimum value of t, for ; ie) 
which constructive interference would take place, is 








S R 
Fig. 91 
(1) 45nm (Incorrect) 
(2) 60nm (Incorrect) 
(3) 90nm (Correct) 
(4) 108nm (Incorrect) 


Correct answer: (2) 
Solution: 


In Fig. 91, PQRS is the glass plate and PQQ, P, is the thin fim. AB is the (nearly normally) incident ray. BR 
is the reflected ray from the upper end and CD is the reflected ray at the lower and (P,Q). DE is the 
corresponding emergent ray. Interference occurs between BR and DE. The path difference 


A=2ut 


À 
There is an additional path difference of > due to reflection at PQ (reflection from the boundary ofa 


denser medium). There is no extra path difference due to reflection at P Q, as this reflection is from the 
boundary ofa rarer medium. For constructive interference, we therefore, have 


A 


Zt =A (n=1,2,3, sivekiane ) 
[n-5}, 
t= 
2u, 


For minimum value oft, n = 1. Therefore 
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turin = a nm = 90nm 
4u, 4x18 





Unit-16 : Optics 
Difficult Interference 
98. Inan ideal double-slit experiment, when a glass—plate (refractive index 1.5) of thickness t 
is introduced in the path of one of the interferring beams (wave length 1 ), the intensity, at 


the position where the central fringe occured previously, remains unchanged. The minimum 
thickness, of the glass plate, is 


Gd) 24 (Correct) 

B) A (Incorrect) 

(3) = (Incorrect) 
à 

(4) 3 (Incorrect) 

(LLT 2002) 


Correct answer: (1) 
Solution: 


The additional path difference, introduced due to the glass plate, is 


=(u-1)t 


Since intensity at position where central maximum occured eailer, remains same; position ofone maximum 
must have been taken over by another maximum. This will be so ifthe additional path difference is an 
integral multiple 2. i.e. if 


(u-1)t=na (a= 3) 


nÀ 
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Unit-16 : Optics 


Difficult Interference 


99. 


In a given set up, imagine the Young’s double slit experimental set up to be immersed 
completely in a liquid of u = 1.33. In the given set up: 


d = distance between two slits = 1mm 
D = distance of screen from slits = 1.33 m 
2. = wave length of light = 630 nm 


Ifa thin film, of p = 1.53 and thickness t, were to be now inserted in the path of one of the 
two interferring sources, the position of the central fringe gets occupied by the adjacent 
dark fringe. The thickness, t, of the film is (nearly) 


(1) 2.37pm (Correct) 
(2) 1.58um (Incorrect) 
(3) 1.194m (Incorrect) 
(4) 0.74um (Incorrect) 


Correct answer: (1) 


Solution: 


X.' =wave length of light inside liquid 


B= 





-9 
=A 630x10 a= 473.7x10°m 
u 133 
The fringe width of fringes 


_ AID _ 473.7x10 x1.33 


J 107 m=0.63mm 





Let t be the thickness of the film introduced. The additional path difference =(1.53-1) x t 


À 
Since position of centeral fringe is now the position of first minimum additional path difference is = 


or 


2 


-9 
ise e 





t = 2.37 um 
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Unit—16 : Optics 
Average Diffraction 


100. Ina single slit diffraction experimental set up, the angular width, of the central maximum, 
changes by (25%) when the incident wave length (1 = 600 nm) is changed to a new value, 
say, ),'. It is also observed that while keeping 1, = 600 nm, the arrangement is immersed is 
a transparent liquid of refractive index u, the change in angular width observed now is the 
same as that due to a change of à to its new value )’. The value of p is 


(a) 1.2 (Incorrect) 
(2) 1.33 (Correct) 
(3) 1.4 (Incorrect) 
(4) 15 (Incorrect) 


Correct answer: (2) 
Solution: 


Let œ and œ' be the angular widths of central maximum for wave lengths à and 2’ , respectively. Then 


} 


oo” and g2 
d d 


Given œ' =(1-0.25)@ = 0.750 


o ijs 
oO À 


or A =0.75À 
When the arrangement, using À is immersed inside the liquid, the wave length becomes 1” |- >) ; 
u 


Since change in angular width is the same, 4’ = À". 


is =0.75À 
u 


1 
eee j3 
075 
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Unit-16 : Optics 
Difficult Interference 
101. A thin film of thickness t; refractive index p, is placed inside a medium of refractive index 


Hy (< H, ) as shown in Fig. 92. AB is a monochromatic ray of wave length à incident almost 


normally on uper surface of film. It undergoes partial reflection as shown in Fig. 92. The 
condition for constructive interference between BC and GH is 








í) n + (Incorrect) 
2p,t 1 
(2) FA =m+ 5 (Correct) 
1 
(3) “tt Sm + (Incorrect) 
2u,t 1 
(4) E =m+ 3 (Incorrect) 
2 


Correct answer: (2) 


Solution: 


Ray GH travels an extra distance 2t in a medium ofrefractive index u, (for near normal incidence). This is 


equal to a path (>): in medium of refractive index u. Since pu, > p, there is an additional path 


H 
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A 
difference of 7 introduced due to reflection at point B. The total path difference 





For constructive interference 





A=m'A (mn =0,1,2,3,......) 

or 2bot + A =m À 
m 2 

or N il ii 

uÀ 2 2 
(where m= m' +1 =], 2,3, .......0... ) 

Unit-16 : Optics 

Average Interference 


102. In the Fig. 93, S, and S» are two monochromatic coherent sources, both emitting light of 
ù=2pm. It is given that S S, =d = 6um and R, the radius of circle with centre O is 


20 um . Which of the following statements is incorrect? 





La Fig. 93 


ie d» 
(1) XandY are both positions of bright fringes (Correct) 
(2) XandY are both positions of dark fringes (Incorrect) 
(3) The total number of bright fringes, observed, are 12 (Correct) 


876 


UDAON 


A program to give wings to gid students 


(4) The total number of dark fringes, observed, are 12 (Correct) 
Correct answer: (2) 
Solution: 
At point X, the two disturbances arrive having a path difference Ax . 

A, =S,X-S, X=d=6pm 
A, is an integral multiple A = 2 um and equals 34. Therefore X is the position of the 3" bright fringe. 
At point Y; the path difference, Ay , between the two disturbances , is 

y =S,Y—S,Y = zero 


Hence Y is the position of the zero" order maximum. Hence X and Y are both positions of bright fringes. 
Further, there are 3 bright fringes in the quddrant XY. Therefore total number of bright fringes observed 
equals 3x4 = 12. This would also be the total number of dark fringes observed. 


Unit-16 : Optics 
Average Diffraction 
103. Using the expression 
2dsin® =i 


One calculates the values of d by measuring 9, over range 0° to 90°. (à is known exactly). 
The error, in §, is constant for all values of @. As O increaes from 0° to 90°; 


(1) the absolute error in, ‘d’, remains constant (Incorrect) 
(2) the absolute error in, ‘d’, increaes (Incorrect) 
(3) the fractional error in, ‘d’, remains constant (Incorrect) 
(4) the fractional error in, ‘d’, decreases (Correct) 


(L.1.T Adv. 2013) 
Correct answer: (4) 


Solution: 


À 
2sinð 


Given d = 
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lnd = Ln À — n2 — ln (sin 0) 


Differentiating, we get 


A (0) (0 


Since there is no error is à (given); AX = 0 . Therefore, 





A(d 
po =|cot 0|(A9) ea (1) 


The absolute error in d is |A(d)| =(dceot@)(A®) a, (2) 


As @ increases from 0° to 90°; cot O decreases. 


From equations (1) and (2), it follows that both the fractional error, 





|A(d) , ind, decrease. 





Unit-16 : Optics 


Average 





—— |, as well as the absolute error, 


Diffraction 


104. The head lights ofa car are 1.2 m apart. They emit light of 2. = 600 nm. The diameter of the 
pupil of the observers eye is 3 mm. The maximum distance of car from observer so that the 


two head lights are just resolved is 


(1) 4km 
(2) 5km 
3) 6km 
(4) 8km 


Correct answer: (4) 


Solution: 


(Incorrect) 
(Incorrect) 

(Correct) 
(Incorrect) 


The two head lights are just resolved, according to Rayleigh’s criterion; if angular width ofthe two lines 
equals halfangular width of diffraction pattern at the eye of the observer. IfD is maximum distance of car 


from observer; 
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(9 





; d=3mm 





D 


or 


= 6x10? m=6km 


Average 


-3 
D= =a m 
6x10 
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Polarisation 


105. A beam of unpolarised light, of intensity I,, is passed through a polariod A. It is next passed 
through another polariod, B, which is oriented so that its principal plane makes an angle of 


45°, relative to that of A. The intensity of emergent light, is 


(1) 


(2) 


(3) 


(4) 


Correct answer: (3) 


Solution: 


Since light, incident on A, is unpolarised, the intensity, I,, of light emerging fromA, is 


I= 


— 


I 


0 


—_ 


0 


2 


aj 


oo | 


0 


2 


(Incorrect) 


(Incorrect) 


(Correct) 


(Incorrect) 


(LLT Main 2013) 


T 
Light incident on B is plane polarised. Also the angle, between the axis of A and B is y Using Malus law; 


[= Intensity of light transmitted by B 








=1, cos ( 
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106. Two beams A and B, of plane polarised light, (having mutually perpendicular planes of 
polarisation) are seen through a polariser. From the position, when beam A has maximum 
intensity (and beam B has zero intensity), a rotation of the polaroid, through 30°, makes the 
two beam appear equally bright. The initial intensities, of beam A and B, are I, and I,, 


I 
respectively. The ratio 1? is 
B 


qd) 3 (Incorrect) 
3 

(2) 3 (Incorrect) 

(3) 1 (Incorrect) 
1 

(4) 3 (Correct) 

(1.1.T Mains 2014) 


Correct answer: (4) 
Solution: 


When polariser is rotated by 30°, the angle between the axis of the polariser and the analyser, for beam A, 


is 30°. The intensity, I’, , of transmitted light, is 


I, =I eos? (30) 0 (1) 


When intensity ofbeam A is maximum, that of beam B is zero. This means that the plane of polarisation of 
Aand B, are mutually perpendicular. Hence, when the axis of the polaroid makes an angle of 30° with the 
plane of polarisation of A, the angle between the axis of the polared and that of beam B, is (90-30) = 60°. 


Therefore, Iņ ; the intensity of transmitted beam B, is 
I =I cos? (60) et (2) 
Given I’, = Iņ, therefore 


i cos? (60°) l 
Ip cos? (30°) 3 
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Unit-16 : Optics 
Difficult Reflection 
107. 


Observer 


A B C 
Fig. 94 
A, B and C are three polariods, arranged as shown in Fig. 94. The pass axis of C, is 
perpendicular to the pass axis of A. S is a monochromatic source of intensity I,. Polarised 
B is rotated through one full circle. Let 0 be the instantaneous angle between the axis of A 


and B. If I is the intensity of light, as observed by observer O, the graph between ‘I’ and 0 
is the graph labelled as graph 


(a) P (Correct) 





O m4 Th 3y T Sny 3m Im 2m 
4 


(2) Q (Incorrect) 
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3) R (Incorrect) 





O my mh T 3m 2n 


(4) S (Incorrect) 





o Th m 3m 2n 


Correct answer: (1) 
Solution: 


Light, incident on polariod A, is unpolarised; therefore, intensity, I,, oflight transmitted by A, is 


I 


n (1) 


Let 0 be the instantaneous angle between the pass axes of A and B. Light, incident on B, is plane polarised. 
The intensity, I, of light transmitted by B, is 


I, = I, cos’ 0 = (1 Joos BO, (2) 


The instantaneous angle between the pass axes of B and C is (= = o). The intensity, I= I, of light 


transmitted by polariod C, is 


I=I, cos? (z-o) 
2 
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= (2) cos’ 0 sin? 8 
2 


-(2 [sie Ji ms (3) 


It follows that I varies as sin” @ and has a peak value of (#}. These features have been correctly 


depicted only in the graph labelled as graph (P). 


Unit-16 : Optics 
Average Polarisation 


108. A ray, of monochromatic light, is in incident, at an angle @, on the interface between a 


parallel slab (of refractive index p) and another medium (of refractive index u, ). The 
emergent ray just grazes along the interface of the slab and the adjacent medium. An 
unpolarised ray of the same light is next incident (from air) on the other face of the slab and 
the reflected light gets plane polarised. The angle of incidence, of this unpolarised ray, on 
other face of the slab, is 


(1) tan™(p) (Incorrect) 

(2) tan" (p,) (Incorrect) 

(B) tan” (4) (Incorrect) 
sin8 

(4) tan” (4 (Correct) 
sind 


Correct answer: (4) 
Solution: 


Fig. 95 shows the ray, AB, incident inside the slab on its face RS. BC is the emergent ray. Applying Snell’s 
law 


f T 
usin ð =p, ws 
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ji Air 
= 1 
j | sin® 


Let i, be the angle of incidence, of the unpolarised light, on face PQ. 
Since the reflected light is now plane polarised, we get, from, 
Brewster’s law. 


tani, == Ea 


ip = tan” (25 
sin 8 Fig. 95 


Unit—16 : Optics 





Difficult Polarisation 


109. A beam has two components, A and B, of plane polarised light, that are polarised in mutually 
perpendicular directions. Intensity of A is |, and that of B is 2 I,. The composite beam 
passes through a polariod. If I is the total intensity of light transmitted by this polariod, 
when its axis makes an angle 0 with the axis of the polariser, used for beam A, we wouldhave, 


(1) I=2I,sin’0 (Incorrect) 
(2) 1I=TI,cos*(@) (Incorrect) 
6) IsI, [1 + cos’0 | (Incorrect) 
(4) I=1,[1+sin’0 | (Correct) 


Correct answer: (4) 


Solution: 


Let I’, and Iņ be the intensities, of the components A and B, after passing through the poloroid. From 


Malus law, we have 


I', =I, cos’ (0) 
' 2| T -n2 
I, = 21, cos (Z-0)=21,sin 0 
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I= The total intensity of light transmitted by the polaroid 


=I +I} =I, cos’ 6+21, sin’ 6 
=I, [ (cos? Q+sin? 0) +sin? o| 


=], [1 +sin’ e] 


Unit-16 : Optics 
Average Polarisation 


110. A beam consists of an unpolarised and a plane polarised part. The beam is viewed through 
a polarised. On rotating the polaroid through one full circle, about the direction of 
propagation of the beam as axis, the intensity of the transmitted light. 


(1) Remains same throughout (Incorrect) 
(2) Varies and becomes zero, twice in one full rotation (Incorrect) 


(3) Varies, between a maximum and minimum value, but the minimum value is not zero 
(Correct) 


(4) Varies, and becomes maximum, three times in one full revolution (Incorrect) 
Correct answer: (3) 
Solution: 


Since incident beam has a unpolarised part, a part, ofconstant intensity, passes through in all positions of 
the polariod. For the plane polarised component; the intensity transmitted varies between a maximum and 
zero. The resultant intensity, therefore, varies but does not become zero, at any stage. 
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